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ABSTRACT 
 
The use of reclaimed asphalt pavement (RAP) as a partial replacement of coarse 
aggregate in concrete paving mixtures has seen recent interest as a result of significant 
availability of stockpiles of RAP materials. While previous research has primarily focused on the 
mechanical and durability properties of concrete with RAP aggregates, this research investigates 
the microstructural changes that RAP aggregates produce as well as the large-scale response 
testing of concrete slabs containing RAP. The main objectives were to examine the fundamental 
bonding and interaction between asphalt and cement paste in order to explain the properties 
observed in laboratory-sized specimens and to quantify how the RAP aggregates affected the 
flexural capacity of large-scale concrete slab despite its known reduction in tensile strength and 
modulus.  
Microstructural characterizations were carried out by principally studying the interfacial 
transition zone (ITZ) and the interfacial bond energies between asphalt (RAP) and cement paste. 
Studies of the ITZ were performed using Euclidean distance mapping and image analysis of 
compositional backscatter electron micrographs of polished epoxy-impregnated samples to 
examine the porosity, calcium hydroxide (CH), and unhydrated cement distributions. The 
findings suggested that concrete with RAP aggregates has a larger, more porous ITZ, which 
explains, in part, the reduced strength observed for concrete with RAP, as the more porous ITZ 
allows for easier crack initiation. The CH morphology was not greatly affected by the presence 
of the asphalt, although there was less CH immediately at the asphalt-cement paste interface. 
Another finding was that silica fume did somewhat improve the ITZ properties of mortar with 
RAP but did not significantly improve the composition relative to the dolomite ITZ, which 
explains why silica fume has not been reported to significantly improve the bulk mechanical 
properties of concrete with RAP aggregates.  
The fundamental bonding potential between asphalt and cement was investigated by 
measuring the surface free energy of the materials. Chemical treatments of the asphalt samples 
were also performed to determine if this bonding potential could be improved. Using Fourier 
transform infrared spectroscopy, it was found that certain chemical treatments, such as nitric 
acid, chromic acid, and maleic anhydride, oxidized the asphalt surface, as measured by increased 
carbonyl and sulfoxide spectroscopic indexes. Using the sessile drop method to measure surface 
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free energy, these chemical treatments increased the energy of interaction and interfacial energy 
between asphalt and cement paste. However, the work of adhesion between asphalt and cement 
paste was found to be higher than the asphalt work of cohesion; this leads to crack propagation 
occurring preferentially through the asphalt binder and not through the ITZ nor directly at the 
RAP-cement paste interface. This is the other mechanism for the reduced strength observed in 
concrete with RAP. Furthermore, this explains why improvements to the microstructure, such as 
through densification and pozzolanic reactions with silica fume and with asphalt chemical 
treatments, are not effective in improving the bulk strength. Thus, the reduction in concrete 
strength with RAP aggregates has been attributed to (1) the larger, more porous ITZ and (2) the 
dominance of asphalt cohesion failure. The reduction in modulus is primarily a function of the 
larger, more porous ITZ caused by the asphalt on the RAP particles. Using established multi-
phase elastic models, it was found that accounting for the larger, more porous ITZ did predict 
composite moduli that were similar to the experimentally-measured values.  
The behavior and failure of concrete containing RAP with large-scale concrete slabs was 
investigated to determine if the trends from the laboratory-sized specimen tests were still valid. 
Despite the strength and modulus reductions, monotonic slab test results showed that the flexural 
capacity (by edge loading) of concrete slabs with recycled materials – 45% coarse RAP, 100% 
coarse recycled concrete aggregate (RCA), and a blend of 45% coarse RAP and 55% coarse 
RCA – is similar to the flexural capacity of concrete slabs with (virgin) dolomite aggregates. 
This finding was linked to the experimental results that the inclusion of the recycled aggregates 
did not statistically affect the fracture properties of the concrete; rather the total fracture energy 
may actually increase relative to virgin aggregate concrete. This is consistent with the 
microstructural observations that failure cracks propagate around aggregates and primarily 
through the asphalt coating. Therefore, a certain replacement percentage of virgin aggregates 
with RAP can be used in concrete pavement applications without detriment to the flexural load 
capacity along with application in a two-lift pavement construction.  
Further testing in this study examined the effects of RAP containing steel furnace slag 
(SFS) on the properties of concrete. It was found that, despite years in service, the SFS in the 
RAP retains significant contents of expansive free calcium oxide (CaO). When tested for 
expansion with the asphalt coating intact, it was found that the expansion was negligible to 
minimal, whereas if the asphalt coating was removed, the expansion was profound, since residual 
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free CaO and MgO existed in the SFS aggregate. Testing of various virgin SFS and SFS RAP 
indicated that some SFS sources may exhibit little to no expansion (i.e. contain little free CaO), 
thus concluding that the SFS and SFS RAP source should be chemically and mineralogically 
characterized and tested for expansion potential prior to being considered for use in any bound 
application. The proposed necessary suite of tests includes complexometric titration for free CaO 
determination, x-ray diffraction, and the autoclave expansion test. When used as a coarse 
aggregate in concrete, the SFS RAP and virgin SFS aggregates had suitable and favorable 
mechanical properties.  
The findings from these investigations lead to the conclusion that, at this time, RAP can 
perform suitably as an aggregate replacement in concrete up to certain volume fractions. The 
failure mechanism of concrete with RAP occurs primarily by asphalt coating cohesion failure 
with the larger, more porous ITZ allowing for easier crack initiation. This failure mechanism 
provides similar to greater fracture properties (i.e. total fracture energy), which results in similar 
to greater slab flexural load capacities relative to virgin aggregate concrete. Additionally, not all 
RAP materials will perform or behave the same, so each source needs to be characterized, trial 
mix tested, and possibly tested for expansion potential (as is the case with SFS RAP), prior to 
usage as an aggregate in concrete.  
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CHAPTER 1 INTRODUCTION 
 
The United States has about 2.4 million miles of asphalt pavement, which is around 94% 
of the paved roadway infrastructure (Y.H. Huang 2006), and this asphalt road network generates 
100 million tons of reclaimed asphalt pavement (RAP) per year through reconstruction and 
rehabilitation projects (NCHRP 2013). While RAP is very commonly utilized as an aggregate in 
hot-mix asphalt (HMA) pavement construction, it is practical to only use about 50% RAP 
replacement (Al-Qadi et al. 2012), with 10-25% RAP being commonly used (NCHRP 2013). 
Fractionated RAP, or FRAP, concerns RAP that has been separated by the #4 sieve (4.75 mm) 
into coarse and fine fractions, with agglomerations larger than 1/2 or 5/8 inches (12.5 or 16 mm) 
being discarded. The fine RAP fraction contains a significant amount of asphalt, so, along with 
recycled asphalt shingles (RAS), the materials can be used more efficiently as a partial 
replacement of liquid asphalt binder in HMA and warm-mix asphalt application (Ozer et al. 
2012). Therefore, the demand for coarse RAP has been less, which has contributed to large 
stockpiles of unused RAP.  
This dissertation focuses on the utilization of coarse FRAP as an aggregate in concrete 
pavements. As a continuation of previous research (Brand 2012; Brand et al. 2012; Brand and 
Roesler 2015), the research presented herein examines the feasibility and practicality of 
enhancing the properties of FRAP in order to be successfully employed in the concrete pavement 
infrastructure. Specifically, this dissertation aims to interrogate the effects of asphalt-coated 
mineral aggregate particles on the concrete microstructure, specifically the interfacial transition 
zone properties and interfacial bond between FRAP (asphalt) and cement matrix, as well as the 
large-scale behavior of FRAP in concrete slabs.  
 
1.1 LITERATURE REVIEW  
A number of studies have considered the effects of RAP or FRAP as aggregate in 
concrete, as is summarized in Table 1-1. Overall, the findings from these studies have 
unanimously concluded that concrete with RAP/FRAP will reduce the concrete strength and 
modulus. However, there is also evidence to support that the presence of the RAP/FRAP may not 
detrimentally affect the freeze/thaw durability (Brand and Roesler 2015)
*
, fracture and fatigue 
                                               
*
 The durability factor after 300 freeze/thaw cycles was greater than 80% for mixtures with up to 50% coarse FRAP  
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properties (Li et al. 1998; Modarres and Hosseini 2014; Brand and Roesler 2015), or toughness 
and energy absorption (B. Huang et al. 2005, 2006; Modarres and Hosseini 2014; Su et al. 2014). 
Su (2012) presented evidence from an x-ray computed tomography study that indicated that the 
fracture path is longer in concrete with 100% RAP compared to concrete with virgin aggregates, 
which was argued by the author to be the source for the increase in fracture toughness for 
concrete with RAP.  
Concrete pavements with RAP or FRAP aggregates have been constructed in the field. In 
France, roller-compacted concretes (RCC) with RAP have been tested, which have demonstrated 
favorable performance with accelerated pavement test sections (Bilodeau et al. 2011, 2012; 
Nguyen et al. 2012). Additional studies have shown that RCC with RAP can have suitable 
fracture properties (Sachet et al. 2011; Ferrebee et al. 2014) and a potentially longer fatigue life 
relative to RCC with virgin aggregates (Modarres and Hosseini 2014). Two-lift concrete 
pavements have also been constructed with RAP in the bottom lift in Kansas (Wojakowski 1998) 
and in Illinois by the Illinois State Toll Highway Authority on I-90 and I-88 (Gillen et al. 2012; 
Bentsen et al. 2013). After 12 years in service, the Kansas concrete section with RAP was 
evaluated and indicated suitable performance (McLeod 2010). Other two-lift test sections have 
contained a blend of both RAP and RCA in the bottom lift, which have been constructed in Iowa 
(Bergren and Britson 1977) and Austria (Sommer 1994). 
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Table 1-1. A Summary of the Effect of RAP/FRAP on Concrete Properties Relative to Virgin 
Aggregate Concrete (Adapted from Brand et al. 2012) 
Concrete 
Property 
Effect on 
Property  
References 
Compressive 
strength 
Decrease 
Patankar and Williams 1970; Kolias 1996a; Delwar et al. 1997; Li et al. 1998; Sommer 
and Bohrn 1998; Dumitru et al. 1999; Hassan et al. 2000; Mathias et al. 2004; B. Huang 
et al. 2005, 2006; Katsakou and Kolias 2007; Hossiney et al. 2008, 2010; Al-Oraimi et 
al. 2009; Okafor 2010; Bilodeau et al. 2011; Bly and Weiss 2012; Berry et al. 2013; 
Capson and Sorensen 2013; Erdem and Blankson 2014; Ibrahim et al. 2014; Modarres 
and Hosseini 2014; Su et al. 2014; Brand and Roesler 2015 
Split tensile 
strength 
Decrease 
Patankar and Williams 1970; Kolias 1996a; Sommer and Bohrn 1998; Mathias et al. 
2004; Katsakou and Kolias 2007; Hossiney et al. 2008, 2010; B. Huang et al. 2005, 
2006; Bilodeau et al. 2011; Capson and Sorensen 2013; Ibrahim et al. 2014; Su et al. 
2014; Brand and Roesler 2015 
Flexural strength Decrease 
Patankar and Williams 1970; Sommer 1994; Kolias 1996a; Li et al. 1998; Sommer and 
Bohrn 1998; Dumitru et al. 1999; Hassan et al. 2000; Katsakou and Kolias 2007; 
Hossiney et al. 2008, 2010; Al-Oraimi et al. 2009; Okafor 2010; Bly and Weiss 2012; 
Berry et al. 2013;  Erdem and Blankson 2014; Modarres and Hosseini 2014; Brand and 
Roesler 2015 
Direct tensile 
strength 
Decrease Patankar and Williams 1970; Katsakou and Kolias 2007 
Indirect tensile 
strength 
Decrease Su et al. 2014 
Modulus of 
elasticity 
Decrease 
Patankar and Williams 1970; Kolias 1996a, 1996b; Delwar et al. 1997; Sommer and 
Bohrn 1998; Dumitru et al. 1999; Mathias et al. 2004; B. Huang et al. 2006; Katsakou 
and Kolias 2007; Hossiney et al. 2008, 2010; Al-Oraimi et al. 2009; Bilodeau et al. 
2011; Berry et al. 2013; Erdem and Blankson 2014; Su et al. 2014; Brand and Roesler 
2015 
Complex stiffness 
modulus 
Decrease Kolias 1996b; Bilodeau et al. 2011; Brand and Roesler 2015 
Resilient modulus Decrease Li et al. 1998 
Free shrinkage 
Increase Dumitru et al. 1999 
Decrease Hossiney et al. 2008 
Variable* Hossiney et al. 2010; Ibrahim et al. 2014 
No Effect Sommer 1994; Brand and Roesler 2015 
Creep strains Increase Kolias 1996a 
Coefficient of 
thermal expansion 
Variable* Hossiney et al. 2008, 2010 
Toughness and 
energy absorption 
Increase B. Huang et al. 2005, 2006; Modarres and Hosseini 2014; Su et al. 2014 
Fatigue properties 
Reduce Mathias et al. 2004 
Improve Li et al. 1998; Modarres and Hosseini 2014† 
Fracture properties Similar Brand and Roesler 2015 
Porosity 
Increase Hassan et al. 2000 
Similar Su et al. 2013; Modarres and Hosseini 2014 
Oxygen 
permeability 
Increase Hassan et al. 2000 
Surface absorption No Effect Al-Oraimi et al. 2009 
Frost resistance Decrease Sommer 1994; Sommer and Bohrn 1998 
Freeze/Thaw 
durability 
Suitable Berry et al. 2013; Brand and Roesler 2015 
Rapid chloride 
penetrability 
Similar  Brand and Roesler 2015 
Poisson Ratio Variable* Su et al. 2014 
*Variable = no clear trend; †At lower stress ratios 
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1.2 DISSERTATION METHODOLOGY AND ORGANIZATION  
Overall, an analysis of the published laboratory studies suggests that concrete with RAP 
can perform suitably, albeit with a known reduction in strength and modulus relative to 
conventional concrete with virgin aggregates, as shown in Figure 1-1 and Figure 1-2 with data 
from Brand and Roesler (2015). Additionally, pavement test sections have also indicated suitable 
performance. However, the literature is lacking in a fundamental analysis of how RAP affects the 
concrete properties, specifically: (1) why does the concrete experience a reduction in strength 
and modulus, (2) if the concrete strength and modulus is reduced, why do the concrete pavement 
field sections perform well, and (3) do these findings apply to all RAP aggregate types and 
sources.  
 
 
Figure 1-1. Percent reduction in 28-day compressive strength, 28-day split tensile strength, 14-
day flexural strength, and 28-day elastic modulus relative to the control (0% FRAP).  
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Figure 1-2. Compressive strength and elastic modulus at 28 days for concrete mixtures with 0%, 
20%, 35%, and 50% coarse FRAP.  
 
 The reductions in strength and modulus has been argued to be a result of the poor 
chemical bonding between the asphalt on the RAP and the cementitious matrix (B. Huang et al. 
2006; Erdem and Blankson 2014; Brand and Roesler 2015). Brand and Roesler (2015) argued 
that this bulk modulus reduction was not because of the asphalt coating thickness or stiffness. 
The dynamic modulus of concretes with 0% and 50% FRAP were tested at -20°C in order to 
simulate an aggregate with a thin, stiff coating. At -20°C, the stiffness of asphalt is similar to the 
stiffness of concrete. However, the dynamic modulus of the concrete with 50% FRAP was still 
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indicates then that there is a potential bond issue between the asphalt on the FRAP and the 
cementitious matrix of the concrete. The interfacial transition zone (ITZ) is therefore the possible 
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reasons why the ITZ is a “weak link”, including: (1) the larger porosity in the ITZ, (2) the larger 
CH crystals and the preferential orientation of the large crystals in the ITZ, both of which allow 
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which can be weak. Of these possible “weak link” sources, Items 1 and 2 will be studied in 
Chapter 2 by investigating the ITZ composition using image analysis of polished epoxy-
impregnated samples with backscattered electron microscopy. Chapter 3 will focus on Item 3 by 
investigating the nature of bonding between asphalt and cement and how this interface can be 
strengthened or improved by chemical means.   
 
 
Figure 1-3. Dynamic modulus of concretes with 0 and 50% FRAP at -20°C.  
Source: Brand 2012; Brand et al. 2012. 
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 The mineralogy of aggregates used in asphalt concrete is not necessarily the same as the 
aggregates used in concrete. Steel furnace slag (SFS) aggregates are used in certain asphalt 
concrete surface courses for enhanced friction and abrasion resistance, but SFS aggregates may 
be deleteriously expansive and thus are rarely used in concrete applications. Chapter 6 focuses 
on the characterization of SFS aggregates and RAP containing SFS as an aggregate and how this 
affects the concrete performance. One of the steel slag RAP sources from Chapter 6 will be used 
as a source for ITZ investigation in Chapter 2. 
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CHAPTER 2 INTERFACIAL TRANSITION ZONE IN CEMENTITIOUS MATERIALS 
WITH ASPHALT-COATED PARTICLES 
 
Based on the literature review from Chapter 1, reclaimed asphalt pavement (RAP), or 
fractionated RAP (FRAP), as a partial to total replacement of aggregate in concrete will result in 
reductions in strength and modulus. The work in this chapter investigates the microstructural 
characteristics of the bond, or the so-called interfacial transition zone (ITZ), between the FRAP 
aggregate and the cementitious matrix to determine whether there is a microstructural cause of 
this reduction in strength and modulus.  
The ITZ is often referred to as the “weak link” in cementitious composites, as the failure 
mode often occurs in or through the ITZ. Bentur and Odler (1996) and Maso (1980) presented a 
number of potential reasons why the ITZ is a “weak link”, including: (1) the larger porosity in 
the ITZ, (2) the larger CH crystals and the preferential orientation of the large crystals in the ITZ, 
both of which allow for easier crack propagation, and (3) the actual interface (i.e. bond) between 
the aggregate and the ITZ, which can be weak. Based on these possibilities, this chapter will 
focus on the microstructural properties of the ITZ to investigate if the porosity and CH (i.e. items 
#1 and #2) are different in cementitious materials with RAP as compared to a similar material 
with virgin aggregate. Chapter 3 will consider the nature of bonding between asphalt and cement 
(i.e. item #3). 
Some findings by Diamond and Huang (2001) suggest that the composition and structure 
of the ITZ in “ordinary concrete” is not largely different from the bulk matrix, thereby 
concluding that the ITZ does not significantly affect the permeability or mechanical properties of 
the concrete. While somewhat contradictory to established understanding of the ITZ and its 
effect on the concrete bulk properties, this finding by Diamond and Huang (2001) may prove to 
be invaluable with an investigation of the ITZ with FRAP – or, more generally, asphalt-coated 
particles – in concrete: if the ITZ composition and characteristics prove to be different than the 
bulk matrix in concrete with FRAP, then what is the main mechanism resulting in the concrete’s 
reduced strength and modulus, especially since Brand and Roesler (2015) argued that the coating 
thickness and stiffness were not a significant factor in the concrete’s mechanical properties. One 
hypothesis is that the ITZ around the asphalt-coated aggregates contains a higher porosity 
relative to the ITZ of (virgin) limestone aggregates, thus resulting in the reduced concrete 
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modulus and strength. A model by Königsberger et al. (2013) indicated that the elastic limits of 
concrete under compression loading are governed by the porous ITZ, and, similarly, Simeonov 
and Ahmad (1995) demonstrated that the properties of the ITZ affect the concrete composite 
elastic modulus, based on the Hashin-Shtrikman bounds. Therefore, it is highly likely that the 
higher porosity of the ITZ may be one possible cause of the reduction in modulus seen in 
concrete with RAP aggregates.   
   
2.1 LITERATURE REVIEW 
2.1.1 Overview and Formation of the Interfacial Transition Zone in Concrete 
It is well-supported in the literature that there exists a thin zone in the cementitious 
matrix, typically around 20-40 μm thick, that surrounds the aggregate particles, known as the 
interfacial transition zone (ITZ), and this zone differs from the from the bulk paste of the 
concrete in several ways: the zone contains less unhydrated cement, a higher volume of pores, 
less calcium silicate hydrate (C-S-H), a lower density, large calcium hydroxide (CH) crystals, 
and more ettringite (Mindess et al. 2003). Zimbelmann (1985) proposed that the ITZ consists of 
contact layer, 2-3 μm thick, with mainly CH and ettringite followed by an intermediate layer of 
20 μm with C-S-H, CH, and ettringite (Figure 2-1). Scrivener (1999) suggested that there is a 
reaction between the aggregate and the cement that forms a chemical bond, which is on the order 
of 1 μm from the interface. Breton et al. (1993) proposed that the higher porosity of the ITZ is 
because of an “arch-shaped” arrangement of cement grains in contact with the aggregate 
interface, and the space between these grains can be empty or partially filled, thus resulting in the 
higher porosity.  
The nature of the ITZ is formed in large part by water-filled spaces accumulating around 
the aggregate while the concrete is still fresh (i.e. not reached set yet). These water-filled spaces 
are because of bleeding and the wall effect, which occurs as cement grains greater than 10 μm in 
diameter cannot efficiently pack in the area near the aggregate (Bentur and Odler 1996). As a 
result, there is a lower density of hydration products around the aggregate in the ITZ, which 
promotes the formation of CH and ettringite since they preferentially form in larger pores 
(Bentur and Odler 1996). Similarly, Zimbelmann (1987) suggested that the weakness of the ITZ 
is because of the formation of a water film around the aggregate (which does not allow cement 
grains near the aggregate surface) and the layer of CH that forms around the aggregate.  
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Figure 2-1. The ITZ consists of a thin layer of CH on the aggregate surface followed by a larger 
zone with C-S-H, CH, and ettringite. Source: Zimbelmann (1985) 
 
Hadley (1972) studied the paste-aggregate interface as it developed over time by casting 
cement against a glass slide. Within the first 12 hours, a thin film of highly-oriented CH was 
found to form around the aggregate surface. This behavior was noted when the cement was cast 
against a glass slide, various mineral surfaces (such as calcite, dolomite, quartz, muscovite, and 
others), and other material surfaces (Teflon, polyethylene, and mercury). The deposition of a 
layer of CH was followed by the formation of a layer of C-S-H within the first day. Additional 
investigations found that CH began to deposit at the interface after 1 hour and that small crystals 
of C-S-H began to nucleate after 4 hours. The C-S-H was needle-like initially before 
transforming into a sheaf-like morphology, as seen after 8 hours and up to 1 day. After 3 days 
ettringite and monosulfoaluminate began to form as the CH crystals continue to grow larger and 
C-S-H continues to form, all of which act to fill the voids within the interface. After 7 days, the 
morphology of C-S-H converted to a coarser, cell-like structure. The analysis showed that the 
elemental composition of the ITZ was unchanged from 1 to 7 days. The CH, ettringite, and 
monosulfoaluminate crystals were found to grow between 3 to 7 days, resulting in an improved 
bond strength as the ITZ and bulk paste become more interlinked. The only notable change at 14 
days was the increase in crystal sizes from growth (i.e. crystals of CH, ettringite, 
monosulfoaluminate). Between 14 and 28 days, the hydration products continued to fill the void 
space, resulting in an improved bond strength. 
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2.1.2 Characteristics of the Interfacial Transition Zone in Concrete 
As can be seen in Figure 2-2, along the ITZ (i.e. from the aggregate-paste interface 
through to the bulk phase), there is an increase in the amount of unreacted cement, a decrease in 
the porosity, and somewhat consistent CH contents. Scrivener et al. (1988a) found using image 
analysis of backscattered electron micrographs that, relative to the bulk cementitious matrix 
phase, the ITZ contains less unreacted cement, more porosity, and similar CH contents. Crumbie 
(1994) found similar results except that the calcium hydroxide is slightly higher near the 
interface. Figure 2-3 demonstrates that, with age, the porosity decreases, the unhydrated cement 
decreases, and the CH increases in the ITZ.  
 
 
(a) 
 
(b) 
 
(c) 
Figure 2-2. Characteristics of the ITZ, the bulk phase, and cement paste describing the amounts 
of (a) unreacted cement, (b) porosity, and (c) calcium hydroxide. Source: Scrivener et al. (1988a) 
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(a) (b) 
 
(c) 
Figure 2-3. Phase composition of the ITZ with age for (a) porosity, (b) unhydrated cement, and 
(c) CH. Source: Crumbie (1994) 
 
In addition, the characteristics of the ITZ can be altered based on the chemical reactions 
and/or chemical composition of the aggregate. Hussin and Poole (2010) investigated the 
geochemical nature of the ITZ, suggesting that the nature and bond of the ITZ is largely 
dependent on the aggregate type and chemistry. Conducting chemical analysis of the bulk paste 
and the ITZ (which was assumed to be 50 μm thick), it was found that the calcium-silicon ratio 
(Ca/Si) was different for different aggregate types, with a limestone aggregate having a Ca/Si 
ratio significantly greater than that of a granite aggregate. This indicates that the C-S-H content 
is higher for granite aggregates and lower for limestone aggregates. Additionally, the Ca content 
was higher in the ITZ for the limestone aggregate versus the granite, and the Ca content was 
greatest for the limestone as the distance from the paste-aggregate interface increased, as seen in 
Figure 2-4a. It is suspected that the Ca was higher for the limestone because of Ca diffusion from 
the calcite mineral and presence of CH in the limestone ITZ. Examining the Si content in the ITZ 
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(Figure 2-4b), it was found that the Si content was greater for the granite versus the limestone, 
which is expected since granite is a siliceous aggregate.  
  
 
(a) 
 
(b) 
Figure 2-4. Calcium (a) and silicon (b) content of the ITZ for different aggregates.  
JG = Johor granite, MG = Mountsorrel granite, SG = Shap granite, Lst = limestone.  
Source: Hussin and Poole (2010) 
 
Tasong et al. (1999) also examined the effect of aggregate geochemistry on the ITZ, 
studying limestone, basalt, and quartzite. A high porosity was seen in the limestone ITZ, which 
was suspected because of reactions that released carbon dioxide gas from the limestone. High 
ITZ porosities were not seen with the basalt and quartzite aggregates. Additionally, at later ages 
(>24 weeks) in particular, CH was seen in a preferred orientation around the limestone 
aggregate, but not present with the basalt and quartzite aggregates. A denser ITZ was seen with 
the basalt and quartzite because of the available pores being filled with hydration product, which 
the authors suspected was because of a pozzolanic reaction with the Si leached from the 
aggregate. The composition of the ITZ was similar for the aggregate types, except that limestone 
ITZ additionally contained a carboaluminate phase. Examining the bond strengths by direct 
tension, it was found that quartzite had the highest bond strength at later ages, likely because of 
the pozzolanic reaction with Si leached from the aggregate. Limestone had the second highest 
bond strength, which was largely affected by the higher porosity, higher content of CH, and 
presence of carboaluminate phases. Basalt had the lowest bond strength at later ages, likely to the 
reaction between clay minerals in the basalt and the hydration products and also because of the 
likely swelling of the clay minerals. 
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2.1.3 Analysis of the Interfacial Transition Zone in Concrete 
One of the prevalent methods to study the ITZ is to use epoxy-impregnated polished 
samples in a scanning electron microscope (SEM) using the backscatter electron (BSE) imaging 
mode. Conventional (light) microscopes use visible light to create an image, whereas SEM uses 
high-energy electrons. When electrons are incident on a solid, both elastic and inelastic 
scattering occur, resulting in the ejection of secondary electrons (SE), backscattered electrons 
(BSE), Auger electrons (AE), and characteristic x-rays (X), as shown in Figure 2-5a. Both SE 
and AE can leave from very near the surface of the sample – only a few nanometers into the 
sample (Reimer 1998). BSE undergo multiple scattering events within the sample, which results 
in the wide range of BSE energies shown in Figure 2-5b. The importance of BSE is that that they 
are a function of the atomic number, which shows as compositional contrast in the imaging. The 
incident electrons can excite, or ionize, atoms in the sample, which causes an electron from a 
lower orbital shell to jump to a higher orbital shell, and when that electron relaxes back to the 
lower orbital, a characteristic x-ray is emitted. The detection of these characteristic x-rays is the 
basis of energy dispersive x-ray (EDX) spectroscopy. An overview of BSE and EDX analyses as 
applied to cementitious phases can be found in Scrivener (2004). 
 
 
(a) 
 
(b) 
Figure 2-5. (a) The primary electron (PE) beam incident on a solid results in in the ejection of 
secondary electrons (SE), backscattered electrons (BSE), Auger electrons (AE), and 
characteristic x-rays (X). (b) The electron energy and number of electrons varies for the type of 
electron ejected. Source: Reimer (1998) 
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The generation of BSE for a given element is a function of the backscatter coefficient (η), 
which is a function of the atomic number (Z) of the element (Goldstein et al. 2003):  
 𝜂 = −0.0254 + 0.016 𝑍 − (1.86𝑥10−4)𝑍2 + (8.3𝑥10−7)𝑍3 (2.1)  
For composite materials, the backscatter coefficient of the composite (ηc) is the sum of the 
individual (i) backscatter coefficients for each atomic element (ηi) in the composite based on the 
weight fraction of that given element (Ci).  
 
𝜂𝑐 = ∑ 𝐶𝑖𝜂𝑖
𝑖
 (2.2)  
Similarly, the mean atomic number of a composite material (?̅?) can be determined based on the 
summation of the individual atomic numbers for each atomic element (Zi) in the composite based 
on the weight fraction of that given element. 
 
?̅? = ∑ 𝐶𝑖𝑍𝑖
𝑖
 (2.3)  
Table 2-1 lists the composite backscatter coefficients and the mean atomic numbers of various 
compounds found in cementitious materials as well as epoxy and asphalt. Compounds with 
highest values of ηc and ?̅?, such as tricalcium silicate and tricalcium aluminate, will appear the 
brightest in compositional BSE images. Thus, unhydrated cement will appear brightest in 
compositional BSE images, and calcium hydroxide will appear brighter than other hydration 
products (C-S-H, ettringite). Pores that are filled with a carbon-based epoxy compound will 
appear darkest. In addition, asphalt, which is primarily composed of hydrocarbons, will also 
appear as one of the darkest phases, similar to the epoxy-filled pores.  
Supplementary cementitious materials, such as silica fume, fly ash, and ground 
granulated blast furnace slag (GGBFS), have different backscatter coefficients from portland 
cement clinker and cement hydration phases, as seen in Table 2-1. Since certain supplementary 
cementitious materials contain a significant proportion of glassy (amorphous) phases, the mineral 
phases in Table 2-1 may not be fully sufficient to characterize the backscatter coefficient. Table 
2-2 instead considered a typical overall elemental composition in the computation of the 
composite backscatter coefficient and mean atomic number for GGBFS and fly ash.  
In image analysis of the ITZ with cement and silica fume or fly ash, it is likely that the 
greyscale of the silica fume and fly ash particles will be thresholded with the cementitious 
hydration products (C-S-H, ettringite), so porosity, calcium hydroxide, and unhydrated cement 
should be distinguishable. However, GGBFS has a higher backscatter coefficient and mean 
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atomic number than the other supplementary cementitious materials, so it is likely that GGBFS 
particles will be thresholded with unhydrated cement, so the values for the ITZ with cement and 
GGBFS may only provide valid results for porosity and calcium hydroxide.  
 
Table 2-1. Backscatter Coefficients and Mean Atomic Numbers of Various Phases 
Compound Composition 
Composite Backscatter 
Coefficient (ηc) 
Mean Atomic 
Number (?̅?) 
Tricalcium silicate (CaO)3SiO2 0.172 15.06 
Dicalcium silicate (CaO)2SiO2 0.166 14.56 
Tricalcium aluminate (CaO)3Al2O3 0.164 14.34 
Tetracalcium 
aluminoferrite 
(CaO)4Al2O3Fe2O3 0.186 16.65 
Calcium hydroxide Ca(OH)2 0.162 14.30 
C-S-H
(1)
 (CaO)3(SiO2)2(H2O)8 0.135 11.85 
C-S-H
(2)
 (CaO)1.7SiO2(H2O)1.8 0.149 13.11 
C-S-H
(3) 
Ca1.53(Si0.96Al0.04)O3.51(H2O)1.92 0.147 12.86 
Tobermorite
(4)
 (CaO)5(SiO2)6(H2O)9 0.138 12.10 
Jennite
(4)
 (CaO)9(SiO2)6(H2O)11 0.147 12.88 
Ettringite (AFt) (CaO)6Al2O3(SO3)3(H2O)32 0.122 10.77 
Monosulfoaluminate 
(AFm) 
(CaO)4Al2O3SO3(H2O)12 0.132 11.66 
Silica fume SiO2 0.125 10.80 
Merwinite (CaO)3MgO(SiO2)2 0.157 13.71 
Gehlinite (CaO)2Al2O3SiO2 0.150 13.11 
Åkermanite (CaO)2MgO(SiO2)2 0.151 13.12 
Monticellite CaOMgOSiO2 0.147 12.77 
Mullite (Al2O3)3(SiO2)2 0.124 10.69 
Limestone CaCO3 0.142 12.57 
Dolomite CaMg(CO3)2 0.124 10.87 
Epoxy
(5)
 C27O6H32 0.065 6.07 
Epoxy
(6)
 C18H21ClO3 0.078 7.18 
Asphalt
(7) 
C, H, S, O, N, V, Ni 0.063 6.05 
(1)
Approximate composition of C-S-H is C3S2H8 (Mindess et al. 2003) 
(2)
Approximate composition of C-S-H is C1.7SH1.8 (Allen et al. 2007) 
(3)
Approximate composition of C-S-H is Ca1.53(Si0.96Al0.04)O3.51(H2O)1.92 (Muller et al. 2013) 
(4)
The C-S-H composition and structure is related to tobermorite and jennite (Taylor 1997) 
(5)
C27O6H32 is the primary component of LR White epoxy 
(6)
C18H21ClO3 is the primary component of EpoThin epoxy resin 
(7)
Asphalt is highly heterogeneous, but typically contains C, H, S, O, N, V, and Ni. Data from Roberts et al. 
(1996) presents by-weight contents (for an example asphalt source) of 83.77% C, 9.91% H, 5.25% S, 0.77% 
O, 0.28% N, 180 ppm V, and 22 ppm Ni.  
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Table 2-2. Backscatter Coefficients and Mean Atomic Numbers of GGBFS and Fly Ash 
Compound Composition 
Composite Backscatter 
Coefficient (ηc) 
Mean Atomic 
Number (?̅?) 
GGBFS
(1) 
33.5% SiO2, 13.3% Al2O3, 
42.2% CaO, 6.0% MgO, and 
1.2% FeO 
0.174 15.29 
Fly ash (Class C)
(2) 
35.4% SiO2, 17.5% Al2O3, 
26.1% CaO, 4.6% MgO, 
5.3% Fe2O3, and 2.8% SO3 
0.136 11.89 
Fly ash (Class F)
(2) 
46.8% SiO2, 23.7% Al2O3, 
3.1% CaO, 1.0% MgO, 
13.2% Fe2O3, and 1.2% SO3 
0.126 11.05 
(1)
Source: Taylor (1997), 
(2)
Source: Naik et al. (1994)  
 
The compositional BSE contrast (CZ) between two elements or phases (1 and 2) can be 
approximated as a function of the composite backscatter coefficients, assuming that the BSE 
detection efficiency is the same for all phases: 
 
𝐶𝑍 =
𝜂2 − 𝜂1
𝜂2
 (2.4)  
Contrast greater than 10% between two phases will be easily distinguished with BSE imaging, 
but contrast in the range of 1-10% can be more challenging and contrast less than 1% is very 
difficult (Goldstein et al. 2003). Contrast values for the cementitious and other phases are 
tabulated in Table 2-3. Depending on the composition of the C-S-H, it is evident that CH may 
not be necessarily clearly compositionally distinguishable from C-S-H, which supports some of 
the literature (e.g. Crumbie 1994; Wang and Diamond 1995; Huang 1998; Muller 2014) that has 
discussed that the CH peak in the greyscale histogram is not necessarily fully separate from the 
hydration products peak
*
. Additionally, the contrast between CH and the unhydrated cement 
phases suggest that there may be some potential challenges with distinguishing the two phases. 
With supplementary cementitious materials, the contrast between silica fume or fly ash and 
hydration products (i.e. C-S-H, ettringite) suggests that these phases may not be distinguishable, 
so the silica fume and fly ash phases may be thresholded with the hydration product (i.e. C-S-H, 
ettringite) peak. Similarly, based on the contrast, GGBFS will likely be thresholded with the 
unhydrated cement phases.  
 
 
                                                 
*
 Also refer to Figure 2-15 and Figure 2-16 (Section 2.1.3.2) 
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Table 2-3. Compositional BSE Contrast for Cementitious and Other Phases 
  𝜂2 
 
 
C3S C2S C3A C4AF CH C-S-H
(1) C-S-H(2) AFt AFm Limestone Dolomite 
Epoxy 
(3) 
Epoxy 
(4) 
Silica 
fume 
Asphalt 
(5) 
GGBFS 
(6) 
Fly 
Ash 
(C)(7) 
Fly 
Ash 
(F)(8) 
𝜂1 
C3S 0% 3% 5% 8% 6% 27% 15% 41% 30% 21% 39% 166% 120% 37% 170% 1% 26% 36% 
C2S 3% 0% 1% 11% 3% 23% 11% 36% 26% 17% 34% 157% 113% 33% 162% 4% 22% 32% 
C3A 5% 1% 0% 12% 1% 22% 10% 34% 24% 15% 32% 154% 110% 31% 158% 6% 20% 30% 
C4AF 8% 12% 14% 0% 15% 38% 25% 53% 40% 31% 50% 188% 139% 48% 193% 7% 37% 48% 
CH 6% 3% 1% 13% 0% 20% 8% 33% 22% 14% 31% 151% 108% 29% 155% 7% 19% 28% 
C-S-H(1) 22% 19% 18% 28% 17% 0% 10% 10% 2% 5% 9% 108% 73% 7% 112% 22% 1% 7% 
C-S-H(2) 13% 10% 9% 20% 8% 11% 0% 23% 13% 5% 21% 131% 92% 19% 135% 14% 10% 18% 
AFt 29% 27% 26% 34% 25% 9% 18% 0% 8% 14% 1% 89% 56% 3% 92% 30% 10% 3% 
AFm 23% 20% 19% 29% 18% 2% 11% 9% 0% 7% 7% 105% 70% 6% 109% 24% 3% 5% 
Limestone 17% 14% 13% 24% 12% 6% 5% 17% 7% 0% 15% 120% 82% 13% 124% 18% 4% 13% 
Dolomite 28% 26% 25% 34% 24% 8% 17% 1% 7% 13% 0% 92% 59% 1% 95% 29% 9% 2% 
Epoxy(3) 62% 61% 61% 65% 60% 52% 57% 47% 51% 55% 48% 0% 17% 49% 2% 63% 53% 49% 
Epoxy(4) 55% 53% 52% 58% 52% 42% 48% 36% 41% 45% 37% 21% 0% 38% 23% 55% 43% 38% 
Silica 
fume 
27% 25% 23% 33% 23% 7% 16% 3% 5% 12% 1% 94% 61% 0% 97% 28% 8% 1% 
Asphalt(5) 63% 62% 61% 66% 61% 53% 57% 48% 52% 55% 49% 2% 19% 49% 0% 63% 53% 50% 
GGBFS(6) 1% 4% 6% 7% 7% 29% 16% 42% 31% 22% 40% 169% 123% 38% 174% 0% 28% 38% 
Fly Ash 
(C)(7) 
21% 18% 17% 27% 16% 1% 9% 12% 3% 4% 10% 111% 75% 9% 114% 22% 0% 8% 
Fly Ash 
(F)(8) 
27% 24% 23% 32% 22% 6% 16% 3% 5% 11% 2% 95% 62% 1% 99% 27% 7% 0% 
 (1)C3S2H8 (Mindess et al. 2003); 
(2)C1.7SH1.8 (Allen et al. 2007); 
(3)C27O6H32 (LR White epoxy); 
(4)C18H21ClO3 (EpoThin epoxy resin); 
(5)83.77% C, 9.91% H, 5.25% S, 0.77% O, 0.28% N, 180 
ppm V, and 22 ppm Ni (Roberts et al. 1996); (6)33.5% SiO2, 13.3% Al2O3, 42.2% CaO, 6.0% MgO, and 1.2% FeO (Taylor 1997); 
(7) 35.4% SiO2, 17.5% Al2O3, 26.1% CaO, 4.6% MgO, 5.3% 
Fe2O3, and 2.8% SO3 (Naik et al. 1994); 
(8) 46.8% SiO2, 23.7% Al2O3, 3.1% CaO, 1.0% MgO, 13.2% Fe2O3, and 1.2% SO3 (Naik et al. 1994).  
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2.1.3.1 Sample Preparation  
A number of overview publications provide information on cementitious specimen 
preparation for this type of microscopic analysis (Ahmed 1994; Kjellsen and Monsøy 1996; 
Stutzman and Clifton 1999; Crumbie 2001; Stutzman 2001; Kjellsen et al. 2003; Jana 2006; 
Stutzman 2012; Winter 2012). Struble (1988) recommends that the specimens should not be 
dried, as that could introduce microcracking, so instead the sample should have its present water 
replaced by ethanol and then the ethanol replaced by epoxy prior to polishing, but the 
replacement by ethanol is slow and may take upwards of two weeks. Relative to this process, 
Thomas (1989) found that soaking hydrated cement paste in methanol did not affect the pore size 
distribution. In other preparation techniques, samples were freeze-dried (Scrivener and Pratt 
1986; Scrivener et al. 1988b; Escadeillas and Maso 1991; Brough and Atkinson 2000; Gao et al. 
2013a), dried by methanol replacement and vacuum desiccation (Scrivener et al. 1987), dried by 
ethanol replacement and vacuum desiccation (Lange et al. 1994), frozen in liquid nitrogen then 
dried by vacuum and 105°C oven (Mouret et al. 2001), dried in an oven at 50°C until a constant 
weight is reached (Elsharief et al. 2003), or vacuum-dried (Scrivener and Gartner 1988) prior to 
epoxy impregnation and polishing.  
The epoxy impregnation is performed under vacuum conditions with a low viscosity 
resin. The release of the vacuum then forces the epoxy further into the porous microstructure of 
the cementitious material. Stutzman and Clifton (1999) also suggest that the epoxy be drawn into 
the sample by capillary suction prior to full immersion in epoxy under a vacuum. Ahmed (1994) 
and Jana (2006) suggest an epoxy viscosity in the range of 100-300 cP and 100-250 cP, 
respectively, for impregnation of most cementitious samples. Diamond (2007) suggested that 
epoxy viscosities in the range of 250-350 cP may be suitable for preparation of cementitious 
materials for polishing and BSE imaging, although the penetration depth is limited. Ultra-low 
viscosity epoxies, such as LR White or Spurr’s Epoxy, found by Diamond (2007) to have 
viscosities of 5.5 cP and 62 cP, respectively, are suitable for complete and total impregnation of 
the cementitious sample with epoxy.  
Additional impregnation can be achieved by pressurizing the sample to force the epoxy in 
to the microstructure. Wong and Buenfeld (2006b) recommend that 2.5 bars of pressure be 
applied to the sample for about 30 minutes after conventional vacuum impregnation. Chen et al. 
(2002) found that epoxy penetration depth does increase after 100 bars of pressure and suggested 
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that an applied external pressure above 20 bars is suitable to produce stable epoxy-impregnated 
cement paste and mortar specimens. Soroushian et al. (2003) applied 280 psi of pressure for 3-4 
hours for a fluorescent microscopy study of cracks and voids in concrete.  
After the epoxy has cured sufficiently, the specimen can be polished, which is performed 
using successively finer grits of abrasive papers. Stutzman and Clifton (1999) recommend the 
use of silicon carbide (SiC) abrasive papers in a dry condition at grits decreasing from 100 to 
600, after which diamond pastes decreasing from 6 μm to 0.25 μm can be used to create a 
finished surface, with a low-relief polishing cloth being used with the diamond paste. The 
lapping and polishing processes can also be performed with polishing oil containing the micron-
sized diamond or alumina particles on a glass plate (Campbell and Ahmed 1979; Winter 2012). 
Winter (2012) also discusses that lapping can be performed on metal plates with diamond 
particles in polishing oil.   
The purpose of polishing to submicron fineness is to ensure quality compositional 
contrast with BSE imaging. Topographic relief, or loss of softer phases relative to harder phases, 
is a significant problem that is seen with heterogeneous materials like cement paste, mortar, and 
concrete. However, Kjellsen et al. (2003) and Winter (2012) specifically argue that it is not 
possible to have a polished cementitious sample without any topographic relief, simply because 
of the drastic differences in the hardness of the phases. Therefore, the goal in polished section 
preparation is to minimize relief as much as possible. Certainly the epoxy impregnation assists 
with reducing relief, as the microstructure is stabilized. To minimize relief, Winter (2012) 
suggested that polishing be performed using a relatively harder cloth material such as silk.  
An important question to ask is: when is the sample polished sufficiently (i.e. “good 
enough”) for suitable imaging and analysis. The answer to this question is somewhat subjective. 
Stutzman (1994) guides: “A properly polished specimen should contain flat, scratch-free 
unhydrated cement particles with a well-defined internal structure, and the calcium hydroxide 
and the capillary pores should appear distinct.”  
Figure 2-6 shows an example of a polished section exhibiting relief because of poor 
epoxy impregnation. In contrast, Figure 2-7 indicates what was presented by Kjellsen et al. 
(2003) to be a suitably polished epoxy-impregnated concrete sample. Crumbie (2001) also 
provided example topographical BSE images for poorly-polished and well-polished epoxy-
impregnated concrete samples (Figure 2-8). Examples from Diamond (2006) and Diamond and 
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Thaulow (2006) show concrete samples that have been fully impregnated with epoxy (Figure 
2-9) and that have not been fully impregnated with epoxy (Figure 2-10). Figure 2-11 
demonstrates how the quality of an epoxy-impregnated cement paste surface changes by 
polishing with successively finer particle sizes.  
 
 
(a) 
 
(b) 
Figure 2-6. A polished concrete sample exhibiting relief, as indicated by the secondary electron 
(a) and topographical BSE (b) images of the same section. Relief in this instance was attributed 
to poor epoxy impregnation. Source: Kjellsen et al. (2003) 
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(a) 
 
(b) 
 
(c) 
Figure 2-7. A suitably polished and epoxy-impregnated concrete sample, as indicated by the 
secondary electron (a), compositional BSE (b) and topographical BSE (c) images of the same 
section. Source: Kjellsen et al. (2003) 
 
 
(a) 
 
(b) 
Figure 2-8. Topographical BSE images of a poorly-polished (a) and a well-polished epoxy-
impregnated concrete sample. Source: Crumbie (2001) 
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Figure 2-9. An example of a concrete sample that has been fully impregnated with epoxy and 
polished down to 0.25 μm, with the same section of concrete shown with BSE compositional (a) 
and secondary electron (b) imaging. Source: Diamond (2006) 
 
 
Figure 2-10. An example of a concrete sample that has not been fully impregnated with epoxy 
and polished down to 0.25 μm, with the same section of concrete shown with BSE compositional 
(left) and secondary electron (right) imaging. Source: Diamond (2006) 
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Figure 2-11. The expected quality of the concrete surface after polishing with successively finer 
particle sizes as seen with a reflected light microscope. Each image measures 300 by 300 μm. 
Source: Wong (2006) 
 
2.1.3.2 Quantification of the ITZ Phases 
With image processing, the size (width) of the ITZ can be estimated based on quantitative 
assessment of anhydrous phases and porosity (Scrivener et al. 1988a; Scrivener and Gartner 
1988). Diamond (2001a) provides very good overview on the proper sampling and analysis of 
the ITZ by image analysis from backscatter imaging. Quantitative analysis of BSE images was 
conducted by Scrivener et al. (1988a) using image analysis to determine the volumes of 
unhydrated cementitious materials, pores, and calcium hydroxide in the ITZ.  
28 
 
Greyscale thresholding is one method of image analysis to quantitatively determine the 
composition of the ITZ. Based on the BSE micrograph, the greyscale thresholding assigns a 
value from 0 to 255
ii
 and these values can then applied to determine what the phase is at a given 
point. For example, Hussin and Poole (2011) used the following greyscale ranges to assign a 
phase: pores (0-98), hydroxide grains (196-228) and unhydrated cement grains (226-255). Figure 
2-12, Figure 2-13, and Figure 2-14 indicate various phases that can be identified based on the 
greyscale value from a compositional BSE image, example histograms of which are shown in 
Figure 2-15.  
Based on the greyscale histogram, thresholds for a given phase have been selected 
visually based on the peak locations (Scrivener et al. 1987; Scrivener and Pratt 1987; Scrivener 
1989; Wang and Diamond 1995). Unhydrated cement is typically easy to threshold based on the 
local minimum in the greyscale histogram. Calcium hydroxide (CH), on the other hand, may not 
always be a prominent peak and may actually form as a shoulder peak to larger hydration 
product peak, as has been discussed in the literature (Crumbie 1994; Wang and Diamond 1995; 
Huang 1998; Muller 2014). Wang and Diamond (1995) discussed that “usually CH forms a small 
peak or shoulder on the large broad graylevel histogram associated with the hydrated products. 
The lower gray levels of the CH features may overlap to some extent with the higher gray levels 
of the C-S-H, making accurate segmentation difficult.” Figure 2-16 indicates how the CH peak 
may become more difficult to threshold with age. In order to more easily select the thresholding 
limits, Scrivener et al. (1987)
iii
 discussed the employment of a sigma noise averaging filter, 
which, as can be seen in Figure 2-17, sharpened the peaks in the greyscale histogram, 
particularly making the CH peak more evident. Given that the CH peak is not necessarily 
distinguishable from the broad C-S-H peak, Huang (1998) visually selected the CH threshold 
level.  
Quantitative greyscale image analysis of hydrated cement paste with BSE was conducted 
by Zhao and Darwin (1992) using greyscale calibrations from silicon-magnesium standard. 
                                                 
ii
 Typically the literature presents 8-bit greyscale images, which consist of 2
8
 or 256 levels of grey, ranging from 0 
(black) to 255 (white). More advanced systems can produce higher quality greyscale images, such as 16-bit, which 
consist of 2
16
 or 65,536 levels of grey, ranging from 0 (black) to 65,535 (white). For example, Muller (2014) used 
16-bit greyscale, as demonstrated in Figure 2-16. 
iii
 Other studies (Crumbie 1994; Huang 1998; Elsharief 2002) discussed the use of an image analysis software for 
phase thresholding and image processing, but it is unclear to what extent (if at all) a noise averaging filter was used. 
While Wong (2006) used image processing software, he specifically stated in the thesis that filters and 
morphological feature adjustments were not performed.  
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Basheer et al. (1999) also used a greyscale threshold image analysis technique for the analysis of 
concrete with BSE, and it was found that the size of the ITZ was not affected by change in the 
threshold values while the porosity measurement was affected. Prendes and Menéndez (2008) 
used greyscale thresholding in conjunction with an improved backscatter coefficient in order to 
possibly better discriminate and quantify the cementitious phases. Wong et al. (2006a) proposed 
a pore segmentation method based on the cumulative greyscale histogram of the ITZ.  
 
 
Figure 2-12. A compositional BSE image indicating the unhydrated cement (A), C-S-H (B), 
calcium hydroxide (C), porous groundmass including Hadley grains (D), and larger grains that 
have been partially hollowed out (E). Source: Diamond (2004) 
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Figure 2-13. A compositional BSE image indicating the aggregates, pores, C-S-H, calcium 
hydroxide, and unreacted cement. Source: Scrivener (2004) 
 
 
Figure 2-14. A compositional BSE image indicating the unhydrated (UH) cement grains, calcium 
hydroxide (CH), C-S-H, voids, and inner product (IP, which refers broadly to hydration products 
other than CH near UH grains) for a w/c=0.4 cement paste at 28 days.  
Source: Zhao and Darwin (1992) 
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(a) Cement paste 
 
(b) Mortar, w/c = 0.35, 28 days 
 
(c) Mortar, w/c = 0.4 
 
(d) Concrete, w/c = 0.42, 24 hours 
 
(e) 
Figure 2-15. Typical greyscale histograms of compositional BSE images with peaks 
corresponding to unhydrated (UH) cement (also labeled as anhydrous material, AN or AH), 
calcium hydroxide (CH), other hydration products (OHP or HP), pores, and aggregate (A or 
Agg). Source: (a) Scrivener et al. (1987), (b) Wong et al. (2006), (c) Yang and Buenfeld (2001), 
(d) Stutzman (1994), (e) Huang (1998). 
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Figure 2-16. Development of the hydrated cement paste microstructure and corresponding 
greyscale histograms at 1, 10, and 28 days. Source: Muller (2014) 
 
 
(a) 
 
(b) 
Figure 2-17. The greyscale histogram of a BSE image of cement paste before (a) and after (b) 
applying a sigma noise averaging filter to the image. Source: Scrivener et al. (1987) 
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In addition, with EDX spectroscopy in the SEM, the elemental composition of the ITZ 
can be mapped, which allows for inferences to be made about the composition of the ITZ based 
on the relative elemental ratios. Kjellsen et al. (1998) mapped the ITZ of aggregates such that the 
aggregate face was parallel to the side of the image and then used EDX to map the composition 
in order to generally identify the amount of various phases in the ITZ, namely CH, C-S-H, and 
monosulfoaluminate. Brough and Atkinson (2000) conducted a similar analysis with EDX in 
order to identify the amount of anhydrous phases, porosity, and other hydration products in the 
image, although it appears that image analysis was also utilized. However, EDX mapping suffers 
from having lower resolution than BSE imaging; Stutzman (2001) reports that the resolution for 
BSE imaging and EDX mapping is on the order of 0.25 μm and 1 μm, respectively. This is 
because BSE are detected from a much smaller volume than the volume that characteristic x-rays 
are emitted from (Scrivener 1986).  
Scrivener (2004) suggests that lower magnification is better for quantitative analysis: 
“Statistically, the advantage of analyzing larger areas (low magnification) outweighs the gain in 
resolution at higher magnifications.” A statistical analysis of the amount of anhydrous material in 
cement and mortar, determined by image analysis of BSE micrographs, found that low 
magnification (200x) images provided representative data of the samples (Mouret et al. 2001). 
With a somewhat limited dataset of only 10 images, Scrivener et al. (1987) found that 
magnifications of 400x were sufficient to obtain repeatable results with low variance for the 
contents of anhydrous material and porosity but not calcium hydroxide in cement pastes. 
Crumbie (1994) found that 30 images were sufficient to adequately characterize some 
characteristics of the ITZ, but upwards of 50 images may be required to quantify the CH content. 
Zhao and Darwin (1992) proposed a statistical approach to determining the number of images 
required for analysis in order to have 95% confidence of being within the defined range of the 
actual value. This statistical approach was used by Lange et al. (1994), who used data from 12 
images, which was selected in order to have 95% confidence that the measured pore fraction is 
within 15% of the actual pore fraction.  
 The size, or width, of the ITZ can also be estimated by BSE images. Scrivener and 
Nemati (1996) vacuum-impregnated concrete samples with Wood’s metal, which penetrated the 
cracks and pores, and then evaluated the size of the ITZ based on the percolated pore structure of 
the ITZ. Crumbie (1994) used the amount of unhydrated cement to estimate the size of the ITZ, 
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since the “wall effect” of the ITZ governs the cement particle packing. Hussin and Poole (2011) 
defined the size of the ITZ as the point away from the paste-aggregate interface where the 
amount of a given phase approached the value measured in the bulk matrix. Elsharief et al. 
(2003) took BSE micrographs and took successive 10 μm slices away from the aggregate 
interface in order to evaluate the amount of porosity and unhydrated phases away from the ITZ 
in order to determine the thickness of the ITZ (Figure 2-18). Basheer et al. (2005) and Xie et al. 
(2015) additionally took successive 10 μm slices away from the aggregate interface in order to 
evaluate the amount of porosity in the ITZ (Figure 2-19 and Figure 2-20). Gao et al. (2013a) 
used a concentric expansion algorithm to generate the separate slices of the ITZ to examine by 
image processing (Figure 2-21). Wong and Buenfeld (2006a) used Euclidean distance mapping 
to characterize the variability of the porosity and unhydrated cement in the ITZ (Figure 2-22). 
 
 
Figure 2-18. The analysis of the ITZ by Elsharief et al. (2003), where 10 μm strips of the ITZ 
were examined for porosity and unhydrated cement. 
35 
 
 
Figure 2-19. The analysis of the ITZ by Basheer et al. (2005), where 10 μm strips of the ITZ 
were examined for porosity. 
 
 
Figure 2-20. The analysis of the ITZ by Xie et al. (2015), where 10 μm strips of the ITZ were 
examined for porosity. 
 
 
Figure 2-21. ITZ strip delineation based on the concentric expansion method by Gao et al. 
(2013a).  
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Figure 2-22. The Euclidean distance mapping approach to ITZ analysis by Wong and Buenfeld 
(2006a).  
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2.2 SAMPLE PREPARATION AND ITZ ANALYSIS METHODS 
2.2.1 Sample Preparation 
A significant trial and error process was conducted to determine the optimal methods and 
procedures to ensure sufficient epoxy impregnation and suitable polishing. These details (i.e. 
what was found to work and what did not work), along with a proposed step-by-step method for 
sample preparation and polishing, are summarized in Appendix A.  
Samples of mortar were prepared, molded, demolded after 24 hours, and stored in lime-
saturated water at 23°C until the desired age of testing, at which point the samples were saw-cut 
into thin sections and vacuum dried. A vacuum drying method was employed since an ethanol or 
acetone replacement scenario would have resulted in dissolving or deteriorating the asphalt in the 
mortar.  
After vacuum drying, the samples were impregnated with ultra-low viscosity epoxy (LR 
White
iv
, London Resin Company) under high vacuum
v
. Additional suitable epoxy impregnation 
was obtained by reducing the viscosity of a low viscosity epoxy (Buehler EpoThin 2) by adding 
5% toluene, which has been shown to reduce the viscosity of an epoxy has been shown to be 
successful in the preparation of cementitious samples for electron microscopy (Wong and 
Buenfeld 2006b). Using a Brookfield DV-II+ Viscometer with a #29 spindle at 50 and 100 rpm, 
the viscosity of EpoThin 2 was measured to be 330 cP and 160 cP before and after the addition 
of 5% toluene, respectively, which is about a 50% reduction in the viscosity because of the 
toluene addition. See Appendix A for the detailed step-by-step sample preparation guide.  
After the epoxy was fully cured, the impregnated samples were manually polished down 
to 0.25 μm. Coarse silicon carbide (SiC) grit paper (400/P800, 22 μm) was used first to manually 
expose the mortar surface, after which finer SiC grits were successively used – 600/P1200 (15 
μm), 800/P1500 (13 μm), 1200/P2500 (8 μm), and P4000 (5 μm) – to polish the surface to a finer 
planeness. Care was taken to only initially expose the surface of the mortar with the coarser grits, 
                                                 
iv
 LR White is a polyhydroxy-aromatic acrylic resin. The chemical accelerator (LR White Accelerator) is an 
aromatic tertiary amine.  
v
 Initial preparations for ITZ analysis were performed using vacuum impregnation with very low viscosity epoxy 
(Buehler EpoThin 2). However, polishing the samples still resulted in relatively poor surface quality, which was 
indicative of an unstable microstructure from the epoxy. Based on recommendations (P. Stutzman, personal 
communication, November 2014), an ultra-low viscosity epoxy (LR White) was used instead. Diamond (2007) 
examined a number of epoxies for concrete impregnation and concluded that the ultra-low viscosity epoxies such as 
LR White allow for sufficient penetration depths even into dense specimens.   
38 
 
since the epoxy impregnation depth is limited, as noted by Kjellsen et al. (2003)
vi
, and the epoxy 
is needed to stabilize the pore structure. The use of an oil-based polishing lubricant (Buehler 
AutoMet Lapping Oil)
vii
 was found to be useful at times with the coarser grit papers, though it 
was not often used; rather, dry polishing was employed most often. Final polishing was 
conducted with diamond paste down to 0.25 μm on a clean glass surface or on a silk cloth on top 
of a clean glass surface.  
 
2.2.2 BSE Image Acquisition 
The SEM and BSE analysis was performed using a JEOL JSM-6060LV SEM. To ensure 
conduction, the sides of the epoxy were coated with carbon paint and the top surface was sputter-
coated with approximately 75 Å of gold palladium
viii
. An accelerating voltage of 12 keV was 
chosen
ix
. A lower accelerating voltage was selected to minimize the interaction volume, 
minimize the potential for electron beam damage, and obtain suitable BSE image resolution. All 
images were taken at a magnification of 500x
x
, resulting in an image measuring 960 by 1280 
pixels, with each pixel measuring approximately 0.2 by 0.2 μmxi.  
The brightness and contrast parameters of the images were selected in order to best 
threshold the greyscale values for the various phases. The brightness and contrast was selected to 
broaden the main hydrated phase in the greyscale histogram, in order to best threshold the 
calcium hydroxide phase. The unhydrated cement phase was brightened and contrasted 
sufficiently from the other phases such that it could be very easily discerned from the grey 
hydration and hydroxide phases. The resultant images were 8-bit greyscale: 256, or 2
8
, levels of 
grey, spanning from 0 (black) to 255 (white).  
                                                 
vi
 However, the epoxy used by Kjellsen et al. (2003), which is Epotek 301, is nearly 50 times more viscous than LR 
White, as reported by Diamond (2007), so it is likely that the LR White used in this study penetrated significantly 
deeper than the depths reported by Kjellsen et al. (2003).  
vii
 This is composed primarily of a petroleum-derived oil (hydrotreated heavy paraffinic petroleum distillate) with an 
added fatty ester (methyl oleate).   
viii
 Lloyd et al. (1981) recommended a carbon coating of ~70 Å to prevent charging of polished mineralogical 
samples. 
ix
 Other ITZ studies have been conducted with accelerating voltages of 10 keV (Wong and Buenfeld 2006a; Head et 
al. 2008), 12 keV (Kjellsen et al. 1998), 15 keV (Mouret et al. 2001), and 20 keV (Escadeillas and Maso 1991; Yang 
and Buenfeld 2001; Wong et al. 2006a; Gao et al. 2013b). 
x
 Previous ITZ studies have been conducted with pixel sizes of 0.5 by 0.5 μm at 500x magnification (Diamond and 
Huang 2001), 0.6 by 0.6 μm at 400x magnification (Brough and Atkinson 2000), 0.26 by 0.26 μm at 500x 
magnification (Wong and Buenfeld 2006a; Wong et al. 2006a), 0.18 by 0.18 μm at 500x magnification (Gao et al. 
2013b), and 0.17 by 0.17 μm at 1000x magnification (Lange et al. 1994). 
xi
 The 50-μm scale bar at 500x consisted of 252 pixels. 
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2.2.3 BSE Image Analysis  
Greyscale thresholding is traditionally the preferred method for phase quantification 
analysis of the ITZ (Diamond 2001a; Scrivener 2004). In this analysis, an image editing software 
package (Adobe Photoshop Elements 13) was used to remove the aggregate
xii
 and a MATLAB 
code was developed to analyze the ITZ. The SEM BSE images were initially processed using a 
sigma noise averaging filter, as suggested by Scrivener et al. (1987). The sigma filter (Lee 1983) 
retains edges in the image by windowing a set array of data and smooths the noise in the image 
based on the sigma value from the Gaussian distribution. Figure 2-23 and Figure 2-24 show how 
the sigma filter can be used to more clearly distinguish the CH peak from the broad C-S-H peak 
and still retain good image quality in a cement paste sample. In the same manner, Scrivener et al. 
(1987) and Pope and Jennings (1992) used the sigma filter to more clearly distinguish the CH 
peak, as was shown previously in Figure 2-17.  
The greyscale thresholding level for porosity was determined based on the “overflow” 
method by Wong et al. (2006a). This method has been reported to be more reliable and effective 
than other porosity greyscale threshold selection strategies (Wong et al. 2006a) and has been 
utilized and validated by a number of researchers (Wong and Buenfeld 2006a, 2009; Wong et al. 
2006b, 2011, 2012, 2013; Head et al. 2008; Felekoğlu et al. 2010; Gao et al. 2013a, 2013b 
2013c, 2013d, 2014; Hoang and Igarashi 2013; Ma and Li 2013; Ma et al. 2014). From the 
greyscale histogram, a cumulative intensity greyscale histogram is computed. The corresponding 
porosity threshold is determined based on the inflection point indicated, as an example, in Figure 
2-25. This inflection point represents the greyscale level after which the greyscale level 
corresponds to the surrounding paste; an increase in the porosity threshold past this inflection 
point would be an “overflow” of the pore representation into the paste phases (Wong et al. 
2006a).  
The greyscale thresholding values for CH
xiii
 and unhydrated cement are selected as the 
local minima in the greyscale histogram (Figure 2-26). From the selected thresholding levels 
(Figure 2-27), the original image can be processed to consist of only four greyscales indicating 
porosity, hydration products, CH, and unhydrated cement (Figure 2-28).  
                                                 
xii
 Similar image editing software has been utilized in other studies to simplify the image analysis process (Huang 
1998; Diamond 2001a; Diamond and Huang 2001; Elsharief 2002; Elsharief et al. 2003). 
xiii
 At later ages the CH peak is not necessarily clearly distinguishable from the main hydration peak, as was shown 
previously in Figure 2-16. Thus, at later ages, an “educated visual” thresholding method was employed, where the 
greyscale histogram was used to better visually threshold the CH.  
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(a) 
 
(b) 
 
(c) 
 
(d) 
 
(e) 
 
(f) 
Figure 2-23. (a-b) Original BSE image and associated greyscale histogram of a 1-day old cement 
paste (w/c = 0.5) at 400x. (c-d) Processed image with a sigma filter windowing a 3x3 array with 
a sigma value of 0.5. (e-f) Processed image with a sigma filter windowing a 3x3 array with a 
sigma value of 0.75. 
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(a) 
 
(b) 
 
(c) 
 
(d) 
Figure 2-24. Processed images (a,c) with a sigma filter windowing a 3x3 array with a sigma 
value of 2 and corresponding greyscale histograms (b,d). Images are from a 1-day old cement 
mortar (w/c = 0.42) at 500x with the aggregate removed.  
 
 
Figure 2-25. Selection of the porosity greyscale threshold based on the overflow method by 
Wong et al. (2006a). This plot is the cumulative histogram intensity from Figure 2-24a,b.  
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Figure 2-26. Selection of the greyscale thresholding for CH and unhydrated cement based on the 
local minima. This example is from the 1-day old sample in Figure 2-24a,b and indicates the CH 
is thresholded from 179 to 202 and the unhydrated cement is thresholded from 202 to 255.   
 
 
Figure 2-27. Greyscale histogram indicating thresholded ranges for porosity, hydration products, 
CH, and unhydrated cement for the 1-day old sample in Figure 2-24a.  
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(a) 
 
(b) 
Figure 2-28. Original greyscale image (a) and thresholded image (b), which consists of four 
greyscale levels: black is detectable porosity, grey is hydration products, light grey is CH, and 
white is unhydrated cement. 
 
2.2.4 Image Analysis of the ITZ 
After thresholding, the various cementitious phases can be determined as a function of 
distance along the ITZ. In this study, this was performed based on a Euclidean distance mapping 
(EDM) approach presented by Wong and Buenfeld (2006a). This EDM method for ITZ 
characterization has been additionally utilized and verified by other studies (Head et al. 2008; 
Wong et al. 2011). In this method, for the BSE micrograph with aggregate removed (Figure 
2-29a), the porosity, CH, and unhydrated cement were identified in the image based on the 
previously-described threshold methods. A binary mask is then created first for the aggregate 
(Figure 2-29b), where the aggregate features are labeled white (value of 1) while everything else 
is considered the background and are labeled black (value of 0). An EDM (Figure 2-29c) is then 
developed for the binary aggregate mask, indicating the gradient (in greyscale) of the binary 
aggregate mask. EDM is a “nearest neighbor” distance mapping technique based on the 
Euclidean metric (de), which is the Pythagorean distance between one pixel (i,j) and another 
pixel (h,k) (Danielsson 1980): 
 𝑑𝑒[(𝑖, 𝑗), (ℎ, 𝑘)] = √(𝑗 − 𝑘)2 + (𝑖 − ℎ)2 (2.5)  
For all pixels (i,j), the EDM algorithm
xiv
 will identify the shortest distance (minimum de) from a 
given pixel (i.e. any pixel in the ITZ area) to the nearest object pixel (i.e. the aggregate, or more 
specifically, the aggregate interface), which for a binary aggregate mask of the ITZ shows as a 
                                                 
xiv
 In MATLAB, the EDM algorithm is easily implemented with the bwdist or knnsearch functions. 
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gradient (Figure 2-29c). This method accounts for the irregular shape of the interface, as is 
exampled more clearly in a contour plot of the EDM gradient (Figure 2-29d).  
 
 
(a) 
 
(b) 
 
(c) 
 
(d) 
Figure 2-29. For an ITZ image at 500x with the aggregate already removed (a), a binary mask is 
created for the aggregate (b). Euclidean distance mapping is then applied to the aggregate mask 
out to a distance of 100 μm from the interface (c), which can be shown with contour lines to 
indicate the gradient of the greyscale (d). 
 
2.2.4.1 Image Filtering 
The ITZ image (Figure 2-29a) is thresholded based on the previously-described 
methodology. From the thresholded image (Figure 2-30a), binary masks for porosity (Figure 
2-30b), unhydrated cement (Figure 2-30c), and CH (Figure 2-30d) are developed, where the 
feature is white (value of 1) and everything else is black (value of 0).  
Additional filtering was performed to fill-in any misidentified phases within the 
unhydrated cement and CH grains. Image processing of cementitious matrix phases is discussed 
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little in literature, primarily by students of Karen Scrivener (Costoya Fernández 2008; Kocaba et 
al. 2012; Muller 2014; Snellings et al. 2014), but mainly morphological filters (median filter and 
erosion/dilation filter) are used to reduce noise (Figure 2-31). Wong et al. (2006a) regarded 
objects less than 10 pixels (equivalent circular diameter of 0.9 μm)xv as noise and removed them 
from the calculation of porosity. Scrivener et al. (1987) additionally performed a dilation filter on 
the CH binary mask to remove the “rims” of CH that were misidentified around the unhydrated 
cement particles and a median filter to remove noise in the unhydrated cement binary mask.  
 
 
(a) 
 
(b) 
 
(c) 
 
(d) 
Figure 2-30. From the thresholded image (a), before image filtering, binary masks can be 
constructed for the porosity (b), unhydrated cement (c), and CH (d). 
 
                                                 
xv
 Equivalent circular diameter =√
4
𝜋
𝐴, where A is the area comprised by a given number of pixels (Russ 2011). 
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Figure 2-31. Image processing for BSE images of slag blended cement pastes, indicating the 
thresholded binary masks for anhydrous phases (Anh), calcium hydroxide (CH), and unreacted 
slag (G0M). Morphological filters (MF) were used during the image processing.  
Source: Snellings et al. (2014) 
 
An algorithm was also performed to remove any stray pixels that were incorrectly 
identified as CH. The dimension of CH crystals is on the order of 10-100 μm for various crystal 
morphologies, such as flat and platy, thin and long, and small equidimensional (Mindess et al. 
2003), but with continuing hydration, the CH accumulates into large masses of no particular 
shape (Taylor 1997). The plate thickness of CH has been reported to be on the order of 1.4 μm to 
as thin as tens of nanometers (Groves 1987). CH also forms as small crystals (<1 μm diameter) 
intermixed with low-density C-S-H as well as CH with C-S-H intermixed on the nanoscale 
(Thomas and Jennings 2004), and this nanoscale CH is “structurally occluded” in the C-S-H 
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(Glasser 2001). In an image analysis study cement pastes with BSE microscopy, Diamond 
(2001b) found that the mean size of CH crystals in hydrated cement paste is around 7 μm with 
sizes ranging from a few microns to 30 microns (or more). Glasser (2001) presents that CH 
resolved by SEM is on the order of 1-10 μm. From portland cement hydration, Gallucci and 
Scrivener (2007) reported CH particle sizes based on the mean Feret’s diameter, which was 7 
μm, 19 μm, and 19 μm for samples examined after 1, 7, and 28 days, respectively. Based on the 
limitations of the resolution of the images, it is probable that the fine-grained CH structures are 
not distinguishable from the C-S-H in the microstructure, which is why the images required 
additional filtering to remove pixels that were otherwise considered to be noise.  
Naturally, one significant issue of concern is whether or not these thresholding 
parameters reflect the actual contents in the material. Scrivener et al. (1987) conducted thermal 
analysis to determine the CH content, but found that it did not correlate particularly well to the 
CH content determined by image analysis, primarily because of the data was collected from only 
a few images and because large masses, but not necessarily smaller masses, of CH are only 
identified by image analysis. Using the Virtual Cement and Concrete Testing Laboratory 
(VCCTL) software from the National Institute of Standards and Technology (Bullard 2014), 
simulations of a cement paste with a 0.42 water-to-cement ratio can be found in Figure 2-32 and 
Figure 2-33. These results from VCCTL can be used as a reference for the results obtained from 
the ITZ analyses, as this study used a 0.42 water-to-cement ratio cement paste. As discussed in 
the literature, image analysis of BSE micrographs result in significant uncertainty (i.e. high 
standard deviations), but, since CH determined by thermal analysis has not been found to 
correlate well with CH determined by image analysis, the VCCTL results provide a theoretical 
baseline for the expected CH content in this study.  
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(a) (b) 
 
(c) 
Figure 2-32. Development of CH (a), porosity (b), and C-S-H (c) in a hydrating cement paste 
with a water-to-cement ratio of 0.42 using the VCCTL software (sample: Cement and Concrete 
Reference Laboratory 140). 
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 (a)  (b) 
 
(c) 
Figure 2-33. Development of CH (a), porosity (b), and C-S-H (c) in a hydrating cement paste 
with a water-to-cement ratio of 0.42 using the VCCTL software (sample: typical Type I cement). 
 
In this study, a morphological filter
xvi
 was first used to fill in the holes that were 
otherwise misidentified in the CH and unhydrated cement particles; this is functionally similar to 
the erosion/dilation filter applied by Snellings et al. (2014). Secondly, a median filter
xvii
 was 
applied (3x3 neighborhood around a given pixel), similar to Snellings et al. (2014), to remove 
noise from the thresholded CH and unhydrated cement binary masks. Figure 2-34 and Figure 
2-35 demonstrate the effects of the morphological filters applied to the CH and UH binary 
masks, respectively. If a final filter
xviii
 is applied to remove small objects, for example 8 pixels 
(equivalent circular diameter of 0.64 μm) or 12 pixels (equivalent circular diameter of 0.78 μm), 
it can be seen that this has a significant effect on the CH binary mask (Figure 2-34e,f), but very 
                                                 
xvi
 Matlab function imfill  
xvii
 Matlab function medfilt2 
xviii
 Matlab function bwareaopen 
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little to almost no effect on the UH binary mask (Figure 2-35e,f). To have an equivalent circular 
diameter of 0.9 μm, as used by Wong et al. (2006a), 16-pixel objects would need to be removed, 
which significantly removes additional particles (Figure 2-36). Ultimately, the final filter 
(bwareaopen) was not applied to the CH mask as the first two filters (imfill and medfilt2) were 
deemed to suitably reduce the noise in the CH binary mask. 
Portland cement typically consists of 7-9% particles smaller than 2 μm (Taylor 1997), 
and additional data suggests that about 3-8% may be finer than 1 μm (Ferraris et al. 2004). 
Therefore, a non-trivial amount of fine (i.e. a few pixels) unhydrated cement may be present in 
the microstructure, so additional processing beyond morphological filtering (median filter and 
hole filling) was not performed for the unhydrated cement binary masks (i.e. processing was 
complete at Figure 2-35d).  
The progress of image thresholding and filtering is demonstrated in Figure 2-37, showing 
the images before and after filtering.  Additional examples of image thresholding compared to 
the original image are shown in Figure 2-38. From these images it can be clearly noted how the 
thresholding methodology and filtering captures the relevant detectable phases.  
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(a) 
 
(b) 
 
(c) 
 
(d) 
 
(e) 
 
(f) 
Figure 2-34. The source image (a) and corresponding CH binary mask based only on the 
greyscale thresholding (b). Morphological filters can be applied to first fill in the holes in the 
identified CH particles (c) and then a median filter is applied to remove noise (d). A final filter 
can also be applied to remove all objects less than 8 pixels (e) or 12 pixels (f). 
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(a) 
 
(b) 
 
(c) 
 
(d) 
 
(e) 
 
(f) 
Figure 2-35. The source image (a) and corresponding UH binary mask based only on the 
greyscale thresholding (b). Morphological filters can be applied to first fill in the holes in the 
identified UH particles (c) and then a median filter is applied to remove noise (d). A final filter 
can also be applied to remove all objects less than 8 pixels (e) or 12 pixels (f). 
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(a) 
 
(b) 
 
(c) 
Figure 2-36. Removing small objects with equivalent circular diameters of (a) 0.64 μm (8 
pixels), (b) 0.78 μm (12 pixels), and (c) 0.90 μm (16 pixels). 
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(a) 
 
(b) 
 
(c) 
Figure 2-37. The processing of image thresholding and processing, starting with the original 
image (a), which is then thresholded (b) and filtered (c). 
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(a) 
 
(b) 
  
(c) 
Figure 2-38. Additional examples of thresholded and filtered images (left, original greyscale 
image; right, thresholded image): (a) dirty FRAP mortar at 1 day, (b) dolomite mortar at 7 days, 
(c) clean FRAP mortar at 1 day. 
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(d) 
 
(e) 
 
(f) 
Figure 2-38 (continued). Additional examples of thresholded and filtered images (left, original 
greyscale image; right, thresholded image): (d) clean FRAP mortar at 7 days, (e) clean FRAP 
mortar at 28 days, (f) dolomite mortar at 28 days. 
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2.2.4.2 Euclidean Distance Mapping 
The binary masks are overlaid with the EDM, as demonstrated in Figure 2-39a,c,e. 
Greyscale histograms (Figure 2-39b,d,f) are produced indicating the change in the given feature 
along the entire 100 μm ITZ window. With the size of each pixel (0.2 μm) known, normalization 
of the image by the brightness greyscale histogram of the EDM (Figure 2-40) results in plots of 
the porosity (Figure 2-41a), unhydrated cement (Figure 2-41b), and CH (Figure 2-41c) along the 
length of the ITZ from the aggregate interface.  
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(a) 
 
(b) 
 
(c) 
 
(d) 
 
(e) 
 
(f) 
Figure 2-39. The binary masks overlaid with the EDM for porosity (a), unhydrated cement (c), 
and CH (e). The brightness (greyscale) histograms of (a), (c), and (e) are shown in (b), (d), and 
(f), respectively. 
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Figure 2-40. Brightness histogram of the EDM (Figure 2-29c). 
 
 
(a) 
 
(b) 
 
(c) 
Figure 2-41. Porosity (a), unhydrated cement (b), and CH (c) along the length of the ITZ for the 
image shown in Figure 2-29a. 
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2.2.5 Size of the ITZ 
A statistical method is required to quantify the size of the ITZ based on the data obtained 
and averaged over multiple images. Many studies reported in the literature select the size of the 
ITZ by visual inspection (i.e. the length at which the porosity “levels off”). Given that the 
Euclidean distance mapping method provides data at a near pixel-size resolution, statistical 
methods can be employed to ascertain when the data “levels off.” A number of different methods 
were examined to estimate the size of the ITZ, including t-test (z-test) statistics, model fitting 
(power, exponential, and hyperbolic models), and spatial statistics (semivariogram, correlogram, 
covariogram). Further discussion can be found in Section 2.4.3 and Appendix B.  
 
2.2.5.1 Akaike Information Criterion 
Initially, methods from nondestructive testing were examined. The Akaike information 
criterion (AIC) was selected to initially complete this task, which is an idea borrowed from 
seismology, where the AIC can be used to determine the arrival of p-waves (Krüger et al. 2013). 
In the porosity dataset, however, it was found that the AIC (and thus the estimated size of the 
ITZ) was highly dependent on the windowing of the dataset, so AIC was deemed to be improper 
for this data and analysis.  
 
2.2.5.2 Cumulative Summation 
Univariate statistical methods were additionally tested for this data. A cumulative 
summation, known commonly as CUSUM, method was used, which is a statistical sequential 
analysis technique used to detect changes in a dataset (Boddy and Smith 2009). The CUSUM 
method follows that, from the initial data point, which is given a value of zero, the sequential 
values are added to the previous value minus the average. That is, for every data point i, which is 
the location along the ITZ, starting at the aggregate-paste interface, the CUSUM (Si) the value at 
that data point (Xi), minus the weight (threshold) value (W), is added to the previous CUSUM 
value (Si-1): 
 𝑆𝑖 = 𝑆𝑖−1 + (𝑋𝑖 − 𝑊) (2.6)  
The CUSUM is then plotted versus i, which is the location along the ITZ. Changes in the slope 
of CUSUM indicate a change from the overall average, and thus a change in the dataset can be 
detected. When the derivative of the CUSUM is zero, it is indicative of no change in the 
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CUSUM, or average, value. A positive slope in the CUSUM plot indicates that the value Xi at 
that point is higher than the average (Boddy and Smith 2009), which should be expected within 
the first few tens of microns from the interface. Naturally, the biggest issue with using CUSUM 
to determine the size of the ITZ is that it is entirely dependent on the value of W that is selected, 
which can be arbitrary.  
 
2.2.5.3 Trilinear Model  
The average porosity of some of the datasets was found to follow a trilinear trend, as 
shown in Figure 2-42. Based on this observation, the size of the ITZ was estimated based on the 
intersection of the linear trends that were selected on a best-fit basis. However, this resulted in 
essentially two different intersection points. Additionally, not all of the data was found to be fit 
well by a trilinear or a bilinear trend, so this method is inconsistent.  
 
 
Figure 2-42. An example of trilinear data fitting to estimate the size of the ITZ. 
 
2.2.5.4 Double Exponential Model  
A function that was found to fit both the porosity and unhydrated cement trends was a 
double exponential fit with four constants (a, b, c, d), as shown below where x represents 
distance along the ITZ and y is the phase content: 
 𝑦 = 𝑎 exp(𝑏𝑥) + 𝑐 exp(𝑑𝑥) (2.7)  
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An example of such a fit shown for average porosity data can be seen in Figure 2-43. Despite the 
data exhibiting suitable fit with this function, there is no reasonable method to then infer the size 
of the ITZ. If the size of the ITZ is selected as a percentage, say 5%, of the y-axis range of the fit 
from 0 to 100 μm, the resultant ITZ size was found to be approximately equivalent for all 
mixtures simply because y approaches infinity as x goes infinite.  
 
 
Figure 2-43. A plot of average porosity (Y) versus distance along the ITZ (X) fit with a double 
exponential function with an R
2
 value of 0.987. In this fit, a = 0.3184, b = -0.04585, c = 0.1441, 
and d = 0.001584. 
 
2.2.5.5 Power Model  
Gao et al. (2014) proposed characterizing the size of the ITZ based on a power law 
function φ(x), where x is the distance along the ITZ. Set parameters in the function are the 
measured porosity at the aggregate-ITZ interface (φi) and the measured porosity in the bulk 
matrix (φb). The function was fit to the data by varying the fitting parameter βp and the size of 
the ITZ (dp): 
 𝜑(𝑥) = 𝜑𝑖 − (𝜑𝑖 − 𝜑𝑏) (
𝑥
𝑑𝑝
)
𝛽𝑝
   for  𝑥 ≤ 𝑑 (2.8)  
Adjusting the amount of data examined such that only the data is fitted to meet the requirement 
of 𝑥 ≤ 𝑑, the size of the ITZ can be predicted as shown in Figure 2-44. This power law function 
is somewhat dependent on the values of φi and φb that are selected; in Figure 2-44, φi was 
selected as the porosity nearest to the aggregate interface (39.2%) and φb was selected as the 
average porosity from 60 to 100 μm (11.1%), which was assumed to be the bulk porosity.  
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Modifying the porosity equation by Gao et al. (2014) to consider the increase in 
unhydrated cement along the ITZ, the following equation form is proposed, considering the 
measured unhydrated cement at the aggregate-ITZ interface (Ui) and the measured unhydrated 
cement in the bulk matrix (Ub). Again, the function was fit to the data by varying the fitting 
parameter βu and the size of the ITZ (du): 
 𝑈(𝑥) = 𝑈𝑖 + (𝑈𝑏 − 𝑈𝑖) (
𝑥
𝑑𝑢
)
𝛽𝑢
   for  𝑥 ≤ 𝑑 (2.9)  
 
 
Figure 2-44. Determination of the size of the ITZ based on a power law function proposed by 
Gao et al. (2014). This fit suggests an ITZ size of 51.5 μm. 
 
2.2.5.6 Hyperbolic Model  
A hyperbolic function was also found to fit the data well. Specifically, a function defined 
by two parameters (Ault and B50%), the distance along the ITZ x, and the vertical adjustment factor 
C. To fit the unhydrated cement data trend U(x), the hyperbolic function is defined as: 
 𝑈(𝑥) =
𝐴𝑢𝑙𝑡 𝑥
𝐵50% + 𝑥
+ 𝐶 (2.10)  
This functional form represents the phase content at which the function asymptotes (defined by 
Ault) and the distance along the ITZ at which point the phase content is 50% of Ault (defined by 
B50%). Since the data does not start at the origin, the adjustment factor C is added. An example of 
unhydrated cement data fit by this hyperbolic function is shown in Figure 2-45. 
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Similarly, to fit the porosity data, the same concept is applied, except for the addition of a 
negative sign to account for the decreasing trend. To fit the porosity data trend P(x), the 
hyperbolic function is defined as: 
 𝑃(𝑥) =
−𝐴𝑢𝑙𝑡 𝑥
𝐵50% + 𝑥
+ 𝐶 (2.11)  
As with Equation 2.10, Ault represents the phase content at which the function asymptotes, B50% 
represents the distance along the ITZ at which point the phase content is 50% of Ault, and C 
accounts for the fact that the data does not begin at the origin.  
Ultimately, the hyperbolic fit was the most suitable model fitting function relative to the 
exponential and power models. The asymptotic relationship of the function provides an arguable 
metric to base the estimation of the size of the ITZ. Selecting the size of the ITZ as the location x 
that corresponds to 80% of Ault appears to potentially result in a satisfactory estimation that 
correlates to a visually-selected ITZ size; however the selection of 80% of Ault is an arbitrary 
value that has no direct, fundamental relationship to the size of the ITZ.  
 
 
Figure 2-45. Average unhydrated cement data fit with a hyperbolic function. In this fit, Ault = 
25.70%, B50% = 8.41 μm, and C = -0.07%.  
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Figure 2-46. Average detectable porosity data fit with a hyperbolic function. In this fit, Ault = 
35.63%, B50% = 12.65 μm, and C = 65.57%. 
 
2.2.5.7 z-Test Statistical Model  
 An additional method that was examined to estimate the size of the ITZ was based on 
statistical equivalency and normal distributions. A z-test was performed to determine if the mean 
phase content at a given distance x away from the aggregate interface was statistically equivalent 
to the mean phase content of all data in the subsequent distance from x to 100 μm. This analysis 
was performed at all locations x away from the aggregate interface; in essence, this method was 
evaluating the mean and standard deviation of what was considered to be the bulk matrix 
properties and locating the distance x at which the phase content was not statistically different 
from the bulk. 
 Based on the number of samples at location x (nx), the number of samples in the assumed 
bulk matrix (nb), the standard deviation at location x (sx), and the standard deviation of the 
assumed bulk matrix (sb), a pooled standard error (sep) can be computed: 
 𝑠𝑒𝑝 = [
(𝑛𝑥 − 1)𝑠𝑥
2 + (𝑛𝑏 − 1)𝑠𝑏
2
𝑛𝑥 + 𝑛𝑏 − 2
(
1
𝑛𝑥
+
1
𝑛𝑏
)]
1/2
 (2.12)  
The z-test can then be used to evaluate the p-value based on a normal distribution. A threshold of 
0.05 (95% confidence) and 0.01 (99% confidence) were used to locate the distance x, assuming a 
two-tailed distribution. The z statistic in this formulation considers the difference in the mean 
phase content at location x (Xx) and the mean phase content of the assumed bulk matrix (Xb): 
 𝑧 =
𝑋𝑥 − 𝑋𝑏
𝑠𝑒𝑝
 (2.13)  
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2.2.5.8 Spatial Statistics  
Spatial statistics can also be applied to investigate the properties and size of the ITZ. This 
class of statistical analysis is often applied to geospatial studies – this is frequently termed 
geostatistics. While geostatistics are concerned with two-dimensional spatial variability, the size 
of the ITZ deals with a one-dimensional spatial variability. The relationship between the phase 
content Z at some location s can be related to the phase content at another location s+h based on 
the covariance (cov). The covariogram C(h) is defined based on this covariance: 
 𝐶(ℎ) = cov(𝑍(𝑠), 𝑍(𝑠 + ℎ)) (2.14)  
The autocorrelation function R(h) is then determined based on the covariance between the phase 
contents at the two locations Z(s) and Z(s+h) and the variance (var) of the phase content at each 
location (Schabenberger and Gotway 2005): 
 
𝑅(ℎ) =
cov(𝑍(𝑠), 𝑍(𝑠 + ℎ))
√var(𝑍(𝑠))var(𝑍(𝑠 + ℎ))
=
𝐶(ℎ)
√var(𝑍(𝑠))var(𝑍(𝑠 + ℎ))
 
(2.15)  
Variance is also known as the square of the standard deviation. The covariance indicates the 
correlation strength between two data sets. In the analysis of the ITZ, s refers to the phase 
content at the interface and h simply refers to the distance from the aggregate interface. A plot of 
R(h) vs. h is known as a correlogram, or an autocorrelation plot, and graphically depicts the 
interdependency of the data. If R(h)=1, then Z(s) and Z(s+h) are perfectly positively correlated, 
which means a shift in the value of Z(s) will shift Z(s+h) proportionally the same amount. If 
R(h)=0, then Z(s) and Z(s+h) are uncorrelated, which means that there is no relationship between 
Z(s) and Z(s+h).  
 Additionally, the semivariogram γ(h) can be defined as a function of the variance and 
covariance of Z(s) and Z(s+h) (Schabenberger and Gotway 2005): 
 𝛾(ℎ) =
1
2
[var(𝑍(𝑠)) + var(𝑍(𝑠 + ℎ)) − 2 cov(𝑍(𝑠), 𝑍(𝑠 + ℎ))] (2.16)  
The semivariogram indicates how strongly dependent Z(s) and Z(s+h) are. The semivariogram 
can then be fit with various models, such as exponential, linear, Gaussian, spherical, etc. (Cressie 
1991; Schabenberger and Gotway 2005). A number of these models will reach an asymptote, 
which is termed the sill, and the value of h at which the semivariogram reaches the sill is known 
as the range, labeled h*. At h*, Z(s) and Z(s+h*) are uncorrelated. The practical range for 
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asymptotic models is defined as the location h at which the semivariogram reaches 95% of the 
maximum (95% of the value of γ(h) at h*) (Schabenberger and Gotway 2005). The size of the 
ITZ in this analysis will be identified as practical range for the exponential semivariogram 
model. The exponential semivariogram model was found to be the most effective fit for the data, 
and it is defined as follows, where 𝑐0, 𝑐1, and 𝑎0 are model fitting parameters (Cressie 1991): 
 𝛾(ℎ) = 𝑐0 + 𝑐1 [1 − exp (−
ℎ
𝑎0
)] (2.17)  
Equation 2.17 is only defined for values ℎ ≠ 0 and at ℎ = 0, 𝛾(0) = 0 (Cressie 1991). Since 
𝛾(0) = 0, it is expected that 𝑐0 should be zero as well, but rather 𝑐0 is known as the nugget 
effect and may not be equal to zero, and it is because of variations that cause a discontinuity at 
the origin (Cressie 1991). A modification to this includes a factor of exp(−3) = 0.04979 ≈ 0.05, 
which represents a value of a0 at 95% of the practical range: 
 𝛾(ℎ) = 𝑐1 [1 − exp (−3
ℎ
𝑎0
)] (2.18)  
 Like the semivariogram models, other models (i.e. exponential, Gaussian, spherical) can 
be fit to covariograms to define properties of the variation. The exponential function was found 
to be the best fit for the covariogram ITZ data in this study, defined as follows, where 𝜎2 is the 
variance of the process and α is the practical range (Schabenberger and Gotway 2005): 
 𝐶(ℎ) = 𝜎2 exp (−3
ℎ
𝛼
) (2.19)  
The factor of 3 is included in the equation as it is used to better define the practical range α 
(Schabenberger and Gotway 2005). The value exp(−3) = 0.04979 ≈ 0.05 represents the similar 
95% concept as presented with the semivariogram. In this study, the value of α, the practical 
range, was used as the definition of the ITZ size. 
 Based on these concepts, a regressive model was developed to define the size of the ITZ 
based on the autocorrelation function R(h). Matérn (1986) found that exponential decay 
functions described correlogram behavior well. The value of α was again used to define the size 
of the ITZ, with C being a model fitting parameter and ε being representative of the model error: 
 𝑅(ℎ) = 𝐶 exp (−3
ℎ
𝛼
) + 𝜀 (2.20)  
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The inclusion of exp(−3) in the equation again represents the size of the ITZ at 95% of the 
maximum. The Gaussian form of this fit can also be used to describe the correlogram, with α still 
used to define the size of the ITZ: 
 𝑅(ℎ) = 𝐶 exp (−3 (
ℎ
𝛼
)
2
) + 𝜀 (2.21)  
 
2.2.5.9 Exponential Asymptotic Function  
The same methodology from the correlogram fitting is applied to the porosity data, based 
on the exponential asymptotic function from Equation 2.18. The function, redefined and slightly 
modified for this analysis, considers the porosity content φp as a function of distance x, where C1, 
α, and C2 are fitting parameters. The inclusion of exp(−3) in the equation represents the size of 
the ITZ (defined as the value of α) at 95% of the maximum. 
 𝜙𝑝(𝑥) = 𝐶1 [exp (−3
𝑥
𝛼
) − 1] + 𝐶2 (2.22)  
To ensure that the initial rapid decrease in porosity was captured by the function (see dolomite 
mortar samples), the value of C2 was limited to ±5% of the maximum porosity. The function can 
be similarly applied to the UH data, defined as follows, where the UH content φu as a function of 
distance x is described by fitting the parameters C1 and α. 
 𝜙𝑢(𝑥) = 𝐶1 [1 − exp (−3
𝑥
𝛼
)] (2.23)  
 
2.2.6 Statistical Validation of the Data 
 The standard error (SE) is often used as a metric of variability in the ITZ phase 
measurements, and it is defined as the standard deviation (σ) normalized by the number of 
samples (n): 
 𝑆𝐸 =
𝜎
√𝑛
 (2.24)  
The standard error of phase content measurements in the ITZ was stated by Scrivener (1999) to 
be on the order 5-10% for data collected from 50-100 images. Crumbie (1994) found standard 
error values less than 2% for phase content measurements in the ITZ of concrete samples when 
averaging data from 50 images, although the standard error was found to typically increase near 
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the interface. Therefore, standard errors ≤2% are deemed suitable for ITZ phase values in this 
study.  
 
2.3 PRELIMINARY STUDY  
2.3.1 Dolomite Mortar Polished with 1200 Grit SiC Paper 
The preliminary study utilized a dolomite mortar. Samples were vacuum dried, epoxy 
impregnated with LR White, and cold cured by adding the LR White accelerator during the 
impregnation process. The samples were manually polished in a dry condition (i.e. no lubricating 
medium was used) down to the 1200 grit. An example of the backscatter composition is shown 
in Figure 2-47. Since this was a preliminary investigation, additional polishing with diamond 
paste was not performed and the images were not filtered.   
 
 
Figure 2-47. Compositional BSE image from the preliminary investigation of a dolomite mortar 
of unknown age. 
 
However, it was deemed that the brightness and contrast in Figure 2-47 was insufficient 
to visually discern the CH phase. Therefore, this initial preliminary investigation only considered 
the porosity in the ITZ. The porosity along the ITZ (Figure 2-48) as averaged from 39 images 
from various locations in the sample. Visually, the size of the ITZ appears to be upwards of 30 
μm in size. Within the size of about 31 μm, the greatest COV in the dataset (average of 39 
images) at a given distance was 34%. Similarly, within this size, the greatest standard error was 
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2%. While the COV is somewhat high for this data, the standard error is relatively low, 
considering that the standard error can be expected to be on the order of 5-10% from the average 
of 50-100 images (Scrivener 1999).  
 
 
Figure 2-48. Average porosity and corresponding standard deviations of 39 images along the ITZ 
for the preliminary study of dolomite mortar. 
 
2.3.2 Dolomite Mortar Polished with 0.25 μm Diamond Paste 
As a continuation of the preliminary investigation and analysis validation, an additional 
sample of dolomite mortar was prepared and polished down to 0.25 μm diamond paste on a silk 
cloth on top of a glass surface. A well-polished sample was produced with minimal relief, as can 
be seen in Figure 2-49, with a compositional image shown in Figure 2-50. From Section 2.3.1, it 
was known that the brightness and contrast needed to be adjusted to properly discern all of the 
phases in the ITZ. It can be noted that the brightness and contrast in Figure 2-50 is improved 
from Section 2.3.1 (Figure 2-47), with the unhydrated cement being more clearly contrasted from 
the hydrated phases and pores and with the calcium hydroxide being more discernable from the 
darker-colored hydration products (C-S-H).  
 
0%
5%
10%
15%
20%
25%
30%
35%
40%
45%
50%
0 15 30 45 60 75 90 105
P
o
ro
si
ty
 (
%
) 
Distance Along the ITZ (μm) 
Average +/- 1 Standard Deviation
71 
 
 
Figure 2-49. Topographical contrast BSE imaging of a dolomite mortar sample of unknown age 
that had been polished down to 0.25 μm with diamond paste on a silk cloth on top of a glass 
surface.  
 
 
Figure 2-50. Compositional contrast BSE imaging of a dolomite mortar sample that had been 
polished down to 0.25 μm with diamond paste on a silk cloth on top of a glass surface. The UH 
(white) is contrasted and can be discerned from the CH (light grey) and porosity (black). 
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Using the image analysis and thresholding methodology that was previously described 
for unfiltered images, the average porosity, CH, and UH from 65 images is shown in Figure 
2-51. As expected (based on the literature), the trends follow that the porosity decreases, the 
unhydrated cement increases, and the calcium hydroxide remains relatively constant along the 
ITZ from the aggregate interface.  
 
 
Figure 2-51. Average porosity, calcium hydroxide, and unhydrated cement along the ITZ based 
on data from 65 images for the preliminary dolomite mortar.  
 
2.4 ITZ OF MORTAR WITH ASPHALT-COATED AGGREGATES 
Mortar was prepared consisting of 40% aggregate and 60% cement paste (w/c = 0.42) by 
volume. The mortar samples were covered and cured for 24 hours, after which the specimens 
were stored in lime-saturated water at 23°C until the necessary time when the samples were cut 
and prepared as previously discussed. The ITZ of the samples was examined after 1, 7, and 28 
days of curing. In this study, various samples were prepared, including a control (dolomite 
aggregate), three FRAP sources, and a FRAP mix with 10% undensified silica fume. The results 
are individually presented in Section 2.4.1 and then compared in Section 2.4.2.  
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2.4.1 Porosity, UH, and CH Trends of Mortar with Dolomite, FRAP, and Silica Fume 
2.4.1.1 ITZ of Dolomite Mortar 
An example of the dolomite mortar after 1 day of curing (Figure 2-52) resulted in trends 
of decreasing porosity, increasing UH, and relatively constant CH along the length of the ITZ 
(Figure 2-56). as expected. Compositional BSE images at 7 and 28 days (Figure 2-53 and Figure 
2-54, respectively) visibly show decreased porosity and greater C-S-H. Grains of CH are more 
clearly noticed at later ages as well, particularly at the interface (Figure 2-55). Trends in porosity, 
UH, and CH at 7 and 28 days (Figure 2-57 and Figure 2-58, respectively) are similar to the 
trends at 1 day, except that there is a sharper gradient (i.e. a more rapid decrease) in porosity near 
the aggregate interface as well as greater contents of CH at and near the interface.  
 
 
Figure 2-52. BSE image of dolomite mortar after 1 day of curing. 
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Figure 2-53. BSE image of dolomite mortar after 7 days of curing.  
 
 
 
Figure 2-54. BSE image of dolomite mortar after 28 days of curing. 
 
75 
 
 
Figure 2-55. CH growing at the dolomite aggregate interface at 28 days. Image taken at 1400x.    
 
 
 
Figure 2-56. Phase contents along the ITZ for dolomite mortar at 1 day indicating the average 
detectable porosity, unhydrated cement (UH), and calcium hydroxide (CH).  
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Figure 2-57. Phase contents along the ITZ for dolomite mortar at 7 days indicating the average 
detectable porosity, unhydrated cement (UH), and calcium hydroxide (CH). 
 
 
Figure 2-58. Phase contents along the ITZ for dolomite mortar at 28 days indicating the average 
detectable porosity, unhydrated cement (UH), and calcium hydroxide (CH). 
 
2.4.1.2 ITZ of Mortar with Clean FRAP 
Clean FRAP and its effect on concrete properties was previously characterized in studies 
by Brand et al. (Brand 2012; Brand et al. 2012; Brand and Roesler 2015). It was so-called 
“clean” FRAP as it was a washed and processed material with very little passing the #4 (4.75 
mm) sieve (4% passing) and had a low asphalt content (2.1%). The original asphalt grade was 
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PG70-22 and the recovered asphalt from the clean FRAP was found to be PG88-22. Given the 
low asphalt content of this FRAP source, about 56% of the aggregate particles were estimated to 
be coated with asphalt (Moaveni et al. 2015), based on image processing of a sample of FRAP 
aggregates.  
As example of compositional BSE images of the ITZ with clean FRAP is shown in 
Figure 2-59, Figure 2-60, and Figure 2-61 after 1, 7, and 28 days of curing, respectively. There is 
significant porosity near the asphalt interface, as seen in the aforementioned images and 
compared to the dolomite BSE images, allowing the ITZ to be visually detected, particularly 
after 1 day of curing. Masses of CH are more evident at later ages.  
The average detectable porosity, UH, and CH is shown in Figure 2-62, Figure 2-63, and 
Figure 2-64 after 1, 7, and 28 days of curing, respectively. The trends indicate a gradual 
decreasing gradient of porosity, increasing UH content, and relatively consistent CH content as 
the distance from the interface increases.  
 
 
Figure 2-59. BSE image of mortar with clean FRAP after 1 day of curing. 
 
78 
 
 
Figure 2-60. BSE images of mortar with clean FRAP after 7 days of curing.  
 
 
Figure 2-61. BSE image of mortar with clean FRAP after 28 days of curing. 
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Figure 2-62. Phase contents along the ITZ for mortar with clean FRAP at 1 day indicating the 
average detectable porosity, unhydrated cement (UH), and calcium hydroxide (CH). 
 
 
Figure 2-63. Phase contents along the ITZ for mortar with clean FRAP at 7 days indicating the 
average detectable porosity, unhydrated cement (UH), and calcium hydroxide (CH). 
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Figure 2-64. Phase contents along the ITZ for mortar with clean FRAP at 28 days indicating the 
average detectable porosity, unhydrated cement (UH), and calcium hydroxide (CH). 
 
2.4.1.3 ITZ of Mortar with Dirty FRAP 
Dirty FRAP and its effect on concrete properties was previously characterized by Brand 
et al. (2012). It was termed “dirty” FRAP since it was not a washed, processed material and had 
relatively higher content of fines (22% passing the #4, 4.75 mm, sieve) and a moderate asphalt 
content (3.3%). Given the higher asphalt content (relative to the clean FRAP) of this FRAP 
source, about 69% of the aggregate particles were estimated to be coated with asphalt (Moaveni 
et al. 2015).  
An example of compositional BSE images of mortar with dirty FRAP can be seen in 
Figure 2-65 and Figure 2-66a after 1 day of curing. Suitable polishing of the ITZ and the asphalt 
interface was obtained, as indicated by the topographic contrast image in Figure 2-66b. 
Compositional BSE images at 7 and 28 days (Figure 2-67 and Figure 2-68, respectfully) indicate 
that the microstructure is well-developed in the bulk but higher porosity can clearly be noticed 
near the interface.  
The trends in detectable porosity, UH, and CH at 1, 7, and 28 days (Figure 2-69, Figure 
2-70, and Figure 2-71, respectfully) follow similar trends from the clean FRAP mortar. The 
detectable porosity is a gradual decreasing gradient with an increasing UH content along the 
0%
5%
10%
15%
20%
25%
30%
35%
40%
45%
0 20 40 60 80 100
A
ve
ra
ge
 P
h
as
e
 C
o
n
te
n
t 
Distance Along the ITZ (μm) 
Detectable Porosity Detectable UH Detectable CH
81 
 
length of the ITZ. Particularly at later ages, there is less CH at and near the interface compared to 
the bulk matrix.  
 
 
Figure 2-65. Compositional BSE image of mortar with dirty FRAP at 1 day. 
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(a) 
 
(b) 
Figure 2-66. Compositional (a) and topographic (b) BSE images of mortar with dirty FRAP at 1 
day.  
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Figure 2-67. Compositional BSE image of mortar with dirty FRAP at 7 days. 
 
 
Figure 2-68. Compositional BSE image of mortar with dirty FRAP at 28 days. 
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Figure 2-69. Phase contents along the ITZ for mortar with dirty FRAP at 1 day indicating the 
average detectable porosity, unhydrated cement (UH), and calcium hydroxide (CH). 
 
 
Figure 2-70. Phase contents along the ITZ for mortar with dirty FRAP at 7 days indicating the 
average detectable porosity, unhydrated cement (UH), and calcium hydroxide (CH). 
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Figure 2-71. Phase contents along the ITZ for mortar with dirty FRAP at 28 days indicating the 
average detectable porosity, unhydrated cement (UH), and calcium hydroxide (CH). 
 
2.4.1.4 ITZ of Mortar with Dirty FRAP and Silica Fume 
With the same dirty FRAP source from Section 2.4.1.3, an additional mortar mixture was 
created with 10% (by volume) undensified silica fume. Based on the compositional contrast 
(Table 2-3, shown previously), silica fume will be thresholded with C-S-H. After 1 day, CH is 
clearly seen in microstructure (Figure 2-72), but the CH size and amount noticeably diminishes 
after 7 days (Figure 2-73) and particularly after 28 days (Figure 2-74), as expected, since the 
silica fume reacts with the available CH to form additional C-S-H.  
After 1 day of curing (Figure 2-75), the trends are similar compared to the other mixtures 
with FRAP in that the porosity decreases and the UH and CH increase as the distance along the 
ITZ increases. After 7 and 28 days (Figure 2-76 and Figure 2-77, respectfully), the same trends 
continue except the overall “bulk” UH and CH magnitudes both decrease, as expected. The 
porosity appears to experience a quicker decrease in magnitude at 28 days, compared to the more 
gradual decrease in magnitude from the interface at 1 and 7 days.  
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Figure 2-72. Compositional BSE image of mortar with dirty FRAP plus silica fume at 1 day. 
 
 
Figure 2-73. Compositional BSE image of mortar with dirty FRAP plus silica fume at 7 days. 
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Figure 2-74. Compositional BSE image of mortar with dirty FRAP plus silica fume at 28 days. 
 
 
Figure 2-75. Phase contents along the ITZ for mortar with dirty FRAP and 10% silica fume at 1 
day indicating the average detectable porosity, unhydrated cement (UH), and calcium hydroxide 
(CH). 
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Figure 2-76. Phase contents along the ITZ for mortar with dirty FRAP and 10% silica fume at 7 
days indicating the average detectable porosity, unhydrated cement (UH), and calcium hydroxide 
(CH). 
 
 
Figure 2-77. Phase contents along the ITZ for mortar with dirty FRAP and 10% silica fume at 28 
days indicating the average detectable porosity, unhydrated cement (UH), and calcium hydroxide 
(CH). 
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2.4.1.5 ITZ of Mortar with SFS FRAP 
Steel furnace slag (SFS) FRAP aggregate and its effect on concrete properties is 
characterized in Chapter 6. The asphalt content of this source was found to be about 3.9%. Given 
the higher asphalt content (relative to the clean and dirty FRAP sources) of this FRAP source, it 
was estimated by image analysis that 89% of the aggregate particles was coated with asphalt 
(Moaveni et al. 2015). The high content of iron and other heavier metals in the SFS result in a 
high backscatter coefficient, similar to unhydrated cement, as can be seen in Figure 2-78. The 
ITZ of mortar with SFS FRAP is shown in Figure 2-79, Figure 2-80, and Figure 2-81 at ages of 
1, 7, and 28 days, respectively. The properties (trends) in the ITZ are shown in Figure 2-82, 
Figure 2-83, and Figure 2-84 at ages of 1, 7, and 28 days, respectively.  
 
 
Figure 2-78. A BSE compositional image of one-day-old mortar with SFS FRAP. The right side 
of the image is SFS (specifically, basic oxygen furnace slag), the middle of the image is asphalt 
mastic, and the left side is the cement mortar.  
 
90 
 
 
Figure 2-79. Compositional BSE image of mortar with SFS FRAP at 1 day. 
 
 
Figure 2-80. Compositional BSE image of mortar with SFS FRAP at 7 days. 
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(a) 
 
(b) 
Figure 2-81. Compositional (a) and topographical (b) BSE images of mortar with SFS FRAP at 
28 days. 
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Figure 2-82. Phase contents along the ITZ for mortar with SFS FRAP at 1 day indicating the 
average detectable porosity, unhydrated cement (UH), and calcium hydroxide (CH). 
 
 
Figure 2-83. Phase contents along the ITZ for mortar with SFS FRAP at 7 days indicating the 
average detectable porosity, unhydrated cement (UH), and calcium hydroxide (CH). 
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Figure 2-84. Phase contents along the ITZ for mortar with SFS FRAP at 28 days indicating the 
average detectable porosity, unhydrated cement (UH), and calcium hydroxide (CH). 
 
2.4.2 Comparison of ITZ Properties 
At early ages (1 day), the composition and trends of the ITZ do not appear to be 
significantly different between the control (dolomite) and the various FRAP mortars, as can be 
seen in Figure 2-85. In particular, the porosity and UH content are very similar between the 
dolomite and the dolomite-containing FRAP sources (clean FRAP and dirty FRAP). The trends 
appear to different more between the dolomite and the SFS FRAP source. This could possibly be 
attributed to the type of asphalt on the SFS FRAP, which was more polymerized than the asphalt 
on the clean and dirty FRAP sources.  
Calcium hydroxide appears to be present in a higher amount at the dolomite interface, 
which can be expected since CH has been shown to grow on (virgin) aggregate interfaces 
(Crumbie 1994; Diamond 2001b). Comparatively, CH does not appear to be present at the 
interface with asphalt; rather the CH content rapidly increases as the distance from the interface 
increases. This suggests that the CH does not preferentially grow on the asphalt interface.  
The similar phase characteristics and trends after 1 day of curing are in agreement with 
the macroscale concrete properties in that the concrete strength with FRAP does not differ from 
virgin aggregate concrete as drastically at early ages relative to later ages (Figure 2-86). 
Compressive strength reductions with 50% coarse FRAP can be as low as 13% at 3 days and 
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then upwards of 35% at later ages (90 days)
xix
. Findings from the literature (Figure 2-87) also 
support that the concrete strength with RAP is not greatly different from virgin aggregate 
concrete at early ages (1 day). This supports the mechanism that, at early ages, the concrete 
strength is governed by the strength of the cementitious matrix, while at later ages, the concrete 
strength is more influenced by the ITZ properties. Thus it can be concluded that at early ages (1 
day), the ITZ properties and concrete strength are not appreciably different between concretes 
with and without FRAP aggregates.  
After 7 days of curing, the ITZ microstructure appears to differ more significantly when 
comparing mortars with dolomite and FRAP (Figure 2-88). Specifically, the porosity was higher 
in mortar with FRAP relative to dolomite. Particularly the porosity at the interface is higher for 
mortar with FRAP. For dolomite aggregate, the porosity decreases by about 15% within a few 
microns from the interface whereas the change in porosity with distance (i.e. the gradient) from 
FRAP interface is more gradual. Ultimately, the bulk UH and CH contents are relatively similar 
between the different mortars.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                 
xix
 Based on data from Brand and Roesler (2015) and test results from Chapter 6. 
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(a) 
 
(b) 
 
(c) 
Figure 2-85. Phase contents – (a) porosity, (b) UH, and (c) CH – along the ITZ at 1 day 
comparing mortars with virgin dolomite, clean FRAP, dirty FRAP, and SFS FRAP. 
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Figure 2-86. Compressive strength of concrete with 50% coarse FRAP (clean FRAP and SFS 
FRAP) at 3 and 90 days compared to the control (virgin dolomite).  
 
 
Figure 2-87. Flexural strength of cement-stabilized mixtures with varying contents of RAP 
(milled bituminous material, MBM) at 1, 7, and 60 days. Source: Katsakou and Kolias (2007) 
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(a) 
 
(b) 
 
(c) 
Figure 2-88. Phase contents – (a) porosity, (b) UH, and (c) CH – along the ITZ at 7 days 
comparing mortars with virgin dolomite, clean FRAP, dirty FRAP, and SFS FRAP. 
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The ITZ composition trends at 28 days (Figure 2-89) follow similarly to the trends at 7 
days. In particular, the porosity can be noticed to be higher in mortars with FRAP. Additionally, 
the porosity at the interface for dolomite mortar again reduces by about 13% within the first few 
microns while the porosity gradient for mortar with FRAP is more gradual. Based on the 
hypothesis that the ITZ forms primarily because of water that accumulates around the aggregate 
when the cement paste is still fresh (Bentur and Odler 1996) along with the FRAP being 
hydrophobic relative to virgin aggregate
xx
, it is proposed that the water layer that forms around 
the FRAP aggregate is repelled more, thus resulting in the greater porosity and ultimately the 
larger ITZ size in mortars with FRAP.  
The CH at the interface for dolomite is appreciably noticeable (as was also shown 
previously in Figure 2-55). Comparatively, for mortar with FRAP, the CH at the interface is 
similar or reduced relative to the “bulk” CH content. For dirty FRAP at least the CH appears to 
not preferentially nucleate at the interface as it does for dolomite. Since CH is known to 
preferentially nucleate in free spaces and (capillary) pores (Mindess et al. 2003), it is expected 
that there should be more CH at the interface for mortars with FRAP since the porosity is greater. 
Therefore, there are two possibilities: (1) the CH is reacting with the asphalt, as CH has been 
shown to react or associate with certain molecules or functional groups in the asphalt (Plancher 
et al. 1976; Branthaver et al. 1993; Johansson et al. 1995), and/or (2) the presence of the asphalt 
is hindering CH nucleation, as organic compounds have been shown to negatively affect CH 
growth and nucleation in cement pastes (Berger and McGregor 1972; Banfill 1986). Given that 
both of these possibilities can reduce the CH content near the interface, further investigation was 
conducted, as will be further discussed in Chapter 3, and it was reasoned that it is likely that the 
CH content is reduced because it is reacting or associating with certain molecules or functional 
groups in the asphalt. 
At 28 days, the estimated CH content in the “bulk” matrix is on the order of 9.5-13%. 
Converting this volumetric estimate to a mass estimate, after the method described by Diamond 
(2001b), the “bulk” CH content is approximately 15.7-21.5%, which agrees with the figure stated 
by Taylor (1997) that the CH content (by mass) of hydrated portland cement pastes is around 15-
                                                 
xx
 The higher concrete slumps seen with higher contents of FRAP aggregate was proposed by Brand and Roesler 
(2015) to be caused by the hydrophobic nature of the asphalt on the FRAP. Asphalt hydrophobicity is further 
discussed and quantified in Chapter 3.  
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25%. The VCCTL analysis (Figure 2-32 and Figure 2-33, shown previously) also predicted CH 
contents around 15%.  
Subtracting the porosity, UH, and CH contents from a total of 100%, the C-S-H content 
in the ITZ can be approximated
xxi
 (Diamond and Huang 2001). Figure 2-90 indicates that the C-
S-H content is lower in the ITZ for mortar with FRAP compared to dolomite and that the C-S-H 
content for mortar with FRAP approaches the C-S-H content for dolomite mortar only after 30-
50 μm. Other studies have also shown that the C-S-H distribution in virgin aggregate ITZs is 
relatively constant (Brough and Atkinson 2000; Diamond and Huang 2001), which is consistent 
with the C-S-H behavior of the dolomite mortar. This lower C-S-H content is another possible 
cause for the reduction in concrete strength and modulus when FRAP aggregates are used. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                 
xxi
 Note that this estimation calculation includes other hydration products, such as ettringite, and other minor 
products and does not represent only C-S-H. 
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(a) 
 
(b) 
 
(c) 
Figure 2-89. Phase contents – (a) porosity, (b) UH, and (c) CH – along the ITZ at 28 days 
comparing mortars with virgin dolomite, clean FRAP, dirty FRAP, and SFS FRAP. 
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Figure 2-90. Estimated C-S-H content for 28-day mortars with dolomite and FRAP. 
 
Figure 2-91 compares the changes in the ITZ properties of mortar with FRAP with the 
addition of 10% undensified silica fume (by volume). After 1 day of curing, the mortar with 
silica fume indicated lower porosity, less UH, and similar CH to mortar without silica fume. 
Since the mix with silica fume naturally contains less cement, it is not surprising that the UH 
content is lower
xxii
. The significantly lower porosity has been noted in the literature; Scrivener et 
al. (1988a) after 1 day of curing reported reductions in porosity of ~10-20% within 40 μm of the 
aggregate interface when 15% silica fume was used (see Figure 2-2, shown previously). Bentz et 
al. (1992) reported reductions in porosity of ~10-15% within 100 μm of the aggregate interface 
after 28 days of curing when 10% silica fume was used. Bentz and Stutzman (1994) also showed 
evidence of a porosity reduction in the ITZ after 1 day of curing when 10% silica fume was 
added. Figure 2-91a indicates a porosity reduction of ~15% with the addition of silica fume, 
which is similar to the values reported by Scrivener et al. (1988a).  
 
                                                 
xxii
 Note: silica fume is thresholded with C-S-H, based on the BSE contrast (see Table 2-3, shown previously). 
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(a) 
 
(b) 
 
(c) 
Figure 2-91. Comparison of mortar with dirty FRAP (solid lines) and dirty FRAP with 10% 
silica fume (dashed lines) at (a) 1 day, (b) 7 days, and (c) 28 days, indicating the average 
detectable porosity, unhydrated cement (UH), and calcium hydroxide (CH). 
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Figure 2-92 compares the properties in the ITZ at 28 days between mortar with dolomite 
and mortar with dirty FRAP and silica fume. While the silica fume was found to improve the ITZ 
properties relative to the dirty FRAP mortar mix without silica fume (Figure 2-91), the silica 
fume did not improve the dirty FRAP mortar properties sufficiently enough to be similar to 
dolomite mortar (Figure 2-92), since it can be seen that the porosity is still greater and the C-S-H 
content is lower, particularly at the interface. This behavior of the ITZ in mortar with FRAP and 
silica fume explains why the addition of silica fume has not been found to improve the strength 
properties of concrete with RAP or FRAP (Huang et al. 2006), as shown in Figure 2-93. 
 
 
Figure 2-92. Comparison of mortar with dolomite (solid lines) and dirty FRAP with 10% silica 
fume (dashed lines) at 28 days, indicating the average detectable porosity, unhydrated cement 
(UH), calcium hydroxide (CH), and estimated C-S-H. 
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Figure 2-93. The effect of silica fume on concrete compressive strength when RAP aggregates 
are used. Source: Huang et al. (2006) 
 
2.4.3 Relative Size of the ITZ 
A number of different functions and methodologies were developed and tested for 
determining or approximating the relative size of the ITZ (see Section 2.2.5). The visual 
estimation of the ITZ size is compared to a number of the other methods in Table 2-4. Since the 
UH distributions were not found to be very different between mortars with and without FRAP 
and since the porosity was found to be significantly different between mortars with and without 
FRAP, the ITZ size estimations only concern the porosity and not the UH distributions. While 
the various techniques or methods each result in different values (which can be expected, given 
that the methods are based on different principles or properties), the general findings across all 
methods reasonably agree that: 1) the size of the ITZ at 1 day is highly variable, which is perhaps 
not surprising, given that the ITZ may not be very developed after 1 day; 2) the size of the ITZ 
decreases with age, which agrees with findings from the literature; 3) the ITZ appears to be 
larger in mortar with FRAP compared to dolomite mortar; and 4) the addition of silica fume 
reduced the size of the ITZ in mortar with FRAP. The statistical difference (z-test) with 99% 
confidence appears to agree the most reasonably with a visual examination estimate, as shown in 
Figure 2-94. Discussions and results of the different ITZ size estimation methods are 
summarized in Appendix B.  
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Table 2-4. Comparison of the Size of the ITZ based on Detectable Porosity 
Mix 
Age 
(days) 
Method or Technique 
Visual 
Estimation 
Statistical 
Difference  
(Eq. 2.13) 
Exponential 
Function 
(Eq. 2.22) 
Semivariogram 
(Eq. 2.18) 
Correlogram 
(Eq. 2.20) 
Dolomite 
Mortar 
1 35 -- 49.3 46.3 76.4 
7 30 -- 41.5 11.8 37.2 
28 25 34.0 39.6 7.2 17.3 
Clean FRAP 
1 35 -- 74.7 40.3 10.2 
7 35 -- 59.8 31.1 69.5 
28 35 42.4 62.9 11.5 27.6 
Dirty FRAP 
1 30 -- 36.9 11.1 24.5 
7 40 -- 59.6 41.3 56.3 
28 40 54.0 70.7 14.1 23.2 
Dirty FRAP 
(with 10% 
Silica Fume) 
1 35 -- 35.1 37.3 87.7 
7 45 -- 63.7 8.2 17.1 
28 30 28.4 29.7 8.1 57.3 
SFS FRAP 
1 40 -- 70.2 34.8 65.1 
7 50 -- 100.0 16.4 17.4 
28 50 52.0 56.0 16.4 25.8 
 
 
Figure 2-94. Average detectable porosity for each of the mortar mixes at 28 days. The estimated 
size of the ITZ based on statistical differences (z-test, 99% confidence) is indicated by a 
diamond. 
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2.4.4 Morphology of CH with the ITZ 
The morphology of the detectable CH within 100 μm of the aggregate interface was 
investigated using image processing in order to evaluate if the size and location of the CH is 
different when asphalt-coated aggregates are present. Using the MATLAB function regionprops, 
various morphological features can be described, including the size, shape, and orientation of the 
objects. Using the CH binary mask, the area (number of pixels), location of the centroid, 
eccentricity, and equivalent circular diameter of each CH particle (object) was defined. The 
location of the CH particle was defined as the minimum distance between the object centroid and 
the aggregate interface. The equivalent circular diameter (deq) is defined based on the number of 
pixels defining an object (A), which can be converted to the distance in microns knowing the 
size of each pixel (s), which is 0.2 micron per pixel. 
 𝑑𝑒𝑞 = 𝑠√
4
𝜋
𝐴 (2.25)  
The eccentricity (ecc) of the object describes the elliptical equivalent shape of the object as a 
function of the size of the major (a) and minor (b) axes.  
 𝑒𝑐𝑐 = √1 − (
𝑏
𝑎
)
2
 (2.26)  
An object with an eccentricity of 0 is a perfect circle, while an object with an eccentricity of 1 is 
line segment. The equivalent ellipse of the object is defined as an ellipse with the same second 
moments as the identified object.  
 Based on the equivalent circular diameter of the particles, the mean and range of size of 
the CH particles in mix mortar mixture at each age are shown in Table 2-5 using data from all 
images. The mean particle sizes are relatively similar across all mixtures, except that the silica 
fume mix exhibits decreasing mean sizes with age, as expected. Table 2-5 confirms that the 
presence of the asphalt layer on the aggregate does not affect the mean size of the CH. 
Histograms of the equivalent particle diameters are shown in Figure 2-95, which indicates that 
the CH particle size does not greatly differ between the different mortars with and without 
FRAP, except for the mortar with silica fume, which indicates a higher percentage of smaller CH 
particles.  
A similar study of the CH morphology was conducted by Diamond (2001b), which found 
that the average CH particle size does not drastically change from 3 to 100 days in a cement 
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paste with a water-to-cement ratio of 0.45. Diamond (2001b) found mean CH particle sizes of 
7.7 μm and 6.7 μm at 3 and 100 days, respectively. The mean sizes shown in Table 2-5 are lower 
than the values found by Diamond (2001b) mainly because Diamond ignored all particle sizes 
smaller than 4 μm. Since the data in Table 2-5 included all particle sizes, the overall mean is 
naturally lower compared to the findings by Diamond (2001b).  
 
Table 2-5. Mean and Range of CH Particle Sizes within 100 μm of the Aggregate Interface 
Mix 
Age 
(days) 
Mean CH Particle 
Size (μm) 
Dolomite 
Mortar 
1 3.85 
7 4.74 
28 4.81 
Clean FRAP 
Mortar 
1 4.34 
7 4.54 
28 4.54 
Dirty FRAP 
Mortar 
1 4.12 
7 4.63 
28 4.80 
SFS FRAP 
Mortar 
1 4.26 
7 4.37 
28 4.46 
Dirty FRAP 
with Silica 
Fume Mortar 
1 4.69 
7 4.28 
28 3.85 
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Figure 2-95. Histograms of CH equivalent circular particle diameters (within 100 μm of the 
aggregate interface) for each of the mortars (with and without FRAP) at 28 days. 
 
Plots of equivalent particle diameter versus distance from the aggregate interface are 
shown in Figure 2-96. It is evident that the asphalt layer on the FRAP does not appear to affect 
the CH (equivalent) particle size as a function of distance from the interface. Similarly, the 
asphalt layer on the FRAP does not appear to affect the CH particle morphology (eccentricity) as 
a function of distance from the interface, as shown in Figure 2-97. However, the addition of 
silica fume appears to reduce the number of larger CH particles but does not appear to affect the 
particle eccentricity. Similar trends in eccentricity (shape) versus particle diameter were found 
by Diamond (2001b) and Gallucci and Scrivener (2007)
xxiii
.  
The distribution of particles relative to the interface also does not appear to be greatly 
affected by the asphalt layer, as shown in Figure 2-98, suggesting that CH can and will nucleate 
near mineral aggregate and asphalt interfaces. For all mortars, it appears that the greatest content 
of CH particles is within 20-30 μm, which is expected given the higher porosity within the ITZ. 
However, this finding appears to contradict the previous plots (Figure 2-89), which suggest that 
the CH content is greater at and near the interface for dolomite mortar. The 28-day mean particle 
size at the interface (within 1 μm) are 4.7 μm (dolomite), 4.4 μm (clean FRAP), 4.5 μm (dirty 
                                                 
xxiii
 Note: Diamond (2001b) and Gallucci and Scrivener (2007) defined a “form factor” instead of eccentricity. In the 
definition of eccentricity, a value of 0 means a perfect circle whereas in the form factor, a value of 1 means a circle.  
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FRAP), 4.3 μm (SFS FRAP), and 3.7 μm (dirty FRAP with silica fume). Thus, it can be 
concluded that mortar with and without FRAP have similar amounts (numbers) of CH particles 
within the ITZ but that CH appears to grow at and near the dolomite aggregate interface and not 
as much in the presence of asphalt. Therefore, it is arguable that the asphalt is reacting with CH 
or the asphalt somehow hindering CH growth. Data presented and discussed further in Chapter 3 
does suggest that the CH may be reacting or associating with certain molecules or functional 
groups in the asphalt, as has been shown in the literature (Plancher et al. 1976; Branthaver et al. 
1993; Johansson et al. 1995). 
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(a) 
 
(b) 
 
(c) 
 
(d) 
 
(e) 
Figure 2-96. Equivalent circular particle diameter versus distance from the aggregate interface 
for 28-day mortar with (a) dolomite, (b) dirty FRAP, (c) dirty FRAP with silica fume, (d) clean 
FRAP, and (e) SFS FRAP. 
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(a) 
 
(b) 
 
(c) 
 
(d) 
 
(e) 
Figure 2-97. Eccentricity versus equivalent particle diameter for 28-day mortar with (a) 
dolomite, (b) dirty FRAP, (c) dirty FRAP with silica fume, (d) clean FRAP, and (e) SFS FRAP. 
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Figure 2-98. Histograms of CH distance from the aggregate interface (within 100 μm of the 
aggregate interface) for each of the mortars (with and without FRAP) at 28 days. 
 
2.4.5 Discussion of the Data Variability  
The standard error (Equation 2.24) of phase content measurements in the ITZ is shown in 
Table 2-6. The standard error was found to be the greatest near the aggregate interface, as is 
shown in Figure 2-99. This standard error behavior in the ITZ was also noted by Crumbie 
(1994). As can be seen, the standard error for all phases is ≤1.5%, which is better than the values 
reported in the literature
xxiv
, validating this imaging study and the image analysis technique. To 
further illustrate the data variability and heterogeneity of the ITZ, Figure 2-100 shows all of the 
porosity data for one mortar at one age.  
 
 
 
 
 
 
                                                 
xxiv
 Standard error in the ITZ was stated by Scrivener (1999) to be on the order 5-10% for data collected from 50-100 
images. Crumbie (1994) found standard error values less than 2% for phase cont ent measurements in the ITZ of 
concrete samples when averaging data from 50 images. 
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 Table 2-6. Average Standard Error in the Phase Measurements in the ITZ 
Mix 
Age 
(days) 
No. of 
Images 
Size of the ITZ 
Based on 
Porosity (μm)* 
Standard Error based on Porosity-
Estimated ITZ 
Porosity CH UH 
Dolomite  28 58 34.0 0.9% 1.0% 0.8% 
Clean FRAP  28 57 42.4 1.2% 0.6% 0.9% 
Dirty FRAP  28 56 54.0 1.4% 0.7% 0.9% 
Dirty FRAP 
(with 10% 
Silica Fume) 
28 53 28.4 1.3% 0.5% 0.7% 
SFS FRAP 28 55 52.0 1.5% 0.8% 0.8% 
*From Table 2-4 
 
 
Figure 2-99. Standard error for the detectable porosity data for each mortar at 28 days.  
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Figure 2-100. Data from all images (blue dots) for the dolomite mortar at 7 days with the average 
shown as a red line.  
 
2.5 DISCUSSION OF FINDINGS 
In concrete with 50% coarse FRAP aggregate (specifically the clean FRAP source), 
reductions in compressive strength and elastic modulus have been shown, respectively, to be 
around 35-40% and 30% (Brand and Roesler 2015). If about 56% of the clean FRAP particles 
are coated with asphalt (Moaveni et al. 2015) and 50% of the coarse aggregate in the concrete is 
FRAP (which corresponds to about 20% of the concrete volume, so about 0.4% of the concrete 
volume is asphalt), then there are additional mechanisms causing the reductions in strength other 
than higher ITZ porosity
xxv
.  
As was discussed at the beginning of this chapter, Bentur and Odler (1996) and Maso 
(1980) presented a number of potential reasons why the ITZ is the “weak link” in the concrete 
microstructure, including: (1) the larger porosity in the ITZ, (2) the larger CH crystals and the 
preferential orientation of the large crystals in the ITZ, and (3) the actual interface (i.e. bond) 
between the aggregate and the ITZ. Certainly there is evidence of greater porosity in the ITZ in 
the mortar with FRAP, which will reduce the concrete bulk modulus and allow for easier crack 
initiation and propagation, thereby reducing the concrete bulk strength. The CH morphology 
appears to be similar in the bulk paste matrix between mortars with and without FRAP. There is 
                                                 
xxv
 As is shown in Chapter 4, the higher porosity in mortar with FRAP was found to greatly affect the predicted 
concrete bulk modulus.  
115 
 
evidence to suggest that the CH particles are smaller (on average) immediately near the asphalt 
interface, which may be beneficial in that the CH crystals are not as large to allow for easier 
crack propagation. Overall, it can be concluded that the CH content and distribution is not 
greatly affecting the concrete bulk properties.  
However, it is questionable whether the greater porosity is the single cause of the 
significant reductions in concrete strength and modulus, which is why Item #3 (actual interface 
between the aggregate and the ITZ) needs to be examined. Chapter 3 explores the nature of 
bonding between asphalt and portland cement, as this may also be a cause of the reductions in 
strength and modulus.    
 
2.6 CONCLUSIONS 
Based on previous work (as well as research from the literature), it is known that the 
addition of reclaimed asphalt pavement (RAP) or fractionated RAP (FRAP) to concrete will 
reduce the concrete strength and modulus. Using polished epoxy-impregnated mortar samples to 
examine the microstructure with compositional backscattered electron (BSE) imaging, an 
innovative Euclidean distance mapping approach was developed to quantify the contents of 
porosity, unhydrated (UH) cement, and calcium hydroxide (CH) as a function of distance from 
the aggregate (or asphalt, in the case of FRAP) interface, which is known as the interfacial 
transition zone (ITZ). This was the first study of its kind to interrogate the ITZ of cementitious 
materials with RAP or FRAP aggregates. A total of five mortars were studied, including one 
control (virgin dolomite aggregate), three FRAP sources, and one FRAP mixture with silica 
fume added. Sections of the mortar were sampled at 1, 7, and 28 days for compositional BSE 
microscopy and image analysis.  
After 1 day of curing, the ITZ of the mortars with and without FRAP were relatively 
indistinguishable, which supports previous experimental finding that the presence of FRAP in 
concrete does not greatly affect the concrete strength at early ages (1-3 days). After 7 and 28 
days of curing, the ITZ properties were noticeably different, with the FRAP mortar ITZs 
indicating increased porosity and reduced CH contents near the interface. The UH content was 
relatively unchanged between the FRAP and dolomite mortars. The ITZ size and composition for 
dolomite mortar was consistent with the values presented in the literature.  
116 
 
The addition of silica fume reduced the porosity at all ages. At later ages, the content of 
CH diminished as well, because of the pozzolanic reaction of silica fume. Overall, the size of the 
ITZ was found to be reduced by the silica fume to be more on the order of the dolomite mortar 
ITZ size. However, the ITZ porosity content of the FRAP mortar with silica fume was still 
greater than the dolomite mortar. Silica fume was found to have some benefit to the ITZ, but the 
change is not drastic, which supports the experimental finding that silica fume does not 
significantly improve the concrete strength for concrete with RAP or FRAP aggregates.  
From the BSE image analyses, a study of the CH morphology and distribution in the ITZ 
was conducted. The CH in mortars with FRAP aggregates is not morphologically different from 
dolomite mortar. The mean CH particle size was similar in the bulk paste matrix for mortars with 
and without FRAP aggregates and was decreased when silica fume was added. Immediately near 
the asphalt interface, there is evidence of a reduction in mean CH particle size, suggesting that 
the CH may be reacting or associating with certain molecules or functional groups in the asphalt. 
Using a statistical z-test, the size (width) of the ITZ was estimated at 28 days. It was 
found that the ITZ was larger for mortar with FRAP aggregates (~42-54 μm) as compared to 
dolomite mortar (~34 μm). The average standard error in composition contents in the ITZ was 
≤1.5%, which is less than the values presented in the literature, validating the effectiveness of the 
techniques utilized in this study.  
From the literature, the ITZ is known as the “weak link” in the concrete microstructure, 
including for three reasons: (1) the larger porosity in the ITZ, (2) the larger CH crystals and the 
preferential orientation of the large crystals in the ITZ, and (3) the actual interface (i.e. bond) 
between the aggregate and the ITZ. The findings of the presented data suggest that greater 
porosity content is one cause for the reduced strength and modulus of concrete with FRAP 
aggregates relative to virgin aggregate concrete. The findings do not support that the CH has an 
effect on the concrete strength and modulus when comparing mortars with and without FRAP 
aggregates. Thus it is hypothesized that the actual interface (i.e. the chemical bonding or 
interaction) between the asphalt film on the FRAP aggregate and the cement paste also has a 
significant effect on the concrete properties, which will be considered in Chapter 3.  
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CHAPTER 3 BOND IMPROVEMENT IN CEMENTITIOUS MATERIALS WITH 
ASPHALT-COATED PARTICLES 
 
It was previously shown that a “clean” fractionated reclaimed asphalt pavement (FRAP) 
could be utilized up to 50% replacement of the virgin coarse aggregate in concrete to still meet 
the required pavement strength specifications (Brand 2012; Brand et al. 2012; Brand and Roesler 
2015). In order to increase the amount of FRAP, or, more generally, reclaimed asphalt pavement 
(RAP), in the concrete, which would also enhance the sustainability and economy of the 
concrete, the bond between the FRAP and the cementitious matrix of the concrete would need to 
be improved. The objective of this chapter was to investigate potential strength of the bond as 
well as solutions to improve bonding.  
In concrete, it is well established that there exists a thin zone, typically around 20-40 μm 
thick, that surrounds the aggregate particles. This zone is known as the interfacial transition zone 
(ITZ). This ITZ differs from the from the bulk paste of the concrete in numerous ways: the zone 
contains less unhydrated cement, a higher volume of pores, a lower density, less calcium silicate 
hydrate (C-S-H), large calcium hydroxide (CH) crystals, and more ettringite (Mindess et al. 
2003). The paste-aggregate bond strength can be interpreted as the ITZ-aggregate bond strength, 
and it is this interface (ITZ) that is essentially the “weak link” in the overall concrete strength. 
Bentur and Odler (1996) and Maso (1980) presented a number of potential reasons why the ITZ 
is a “weak link”, including: (1) the larger porosity in the ITZ, (2) the larger CH crystals and the 
preferential orientation of the large crystals in the ITZ, both of which allow for easier crack 
propagation, and (3) the actual interface between the aggregate and the ITZ, which can be weak. 
Chapter 2 focused on Items #1 and #2, which showed that the ITZ in mortar with FRAP has a 
larger porosity content but the CH morphology was relatively the same. This chapter will then 
explore Item #3 in terms of characterization and improvement to the cement-asphalt bond.  
Since there are multiple “weak link” sources, bond improvement needs to focus on the 
entire microstructure (Bentur 1991); that is to say that bond improvement needs to consider both 
the ITZ and the paste-aggregate interface. Two potential methods to improve these “weak links” 
are by densification and by physico-chemical interaction (Alexander 1996). Densification is a 
process whereby very fine supplementary cementitious materials (such as silica fume) are added 
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to the concrete to: (1) improve the packing density and reduce the wall effect, (2) reduce 
bleeding, (3) reduce the size of CH crystals, and (4) continue densification by long-term 
pozzolanic reactions. A physico-chemical improvement is the process of pretreating or pre-
activating the aggregates. Since densification can be achieved through the use of supplementary 
cementitious materials – though Chapter 2 indicated that silica fume only had a moderate effect 
on the ITZ of mortar with FRAP – the focus must be on the physico-chemical improvement 
whereby the FRAP aggregates are pretreated.  
Chatterji (1980) proposed that in order for chemical bonding to occur with cement, the 
following three prerequisites must be satisfied: (1) the atoms (or ions) necessary for the bond 
formation must be within the correct bond-forming range (~3Å), (2) there should be no 
interference with the bond formation from the adjacent atoms or ions, and (3) after bond 
formation, the bonded atoms need to spatially meet the necessary bond angle. Chatterji argued 
that the probability of bond formation is low between C-S-H and a crystalline mineral aggregate, 
although this probability is the same for bond formation between different particles of C-S-H.  
Massazza and Costa (1986) also suggested that bond improvement can be achieved by 
reducing the ITZ porosity and increasing the chemical bonding between the aggregate and 
cement. Specifically, the authors suggested that it would be particularly beneficial if a chemical 
bond formed “an intermediate layer made up of C-S-H crystals growing epitaxially on the 
aggregate.”  
Mindess et al. (1986) speculated that the nature of bonding in concrete was because of 
mechanical interlock and that chemical bonding between the aggregate and the cement did not 
contribute significantly to the overall bond strength. However, as was stated by the authors, this 
speculation can mainly be attributed to the lack of evidence of chemical bonding and/or to what 
extent chemical reactions or interactions were occurring at the paste-aggregate interface.  
As the cement-aggregate bond is improved, the overall concrete strength increases by 
around 15-40%, typically with the tensile strength increasing more than the compressive strength 
(Mindess and Alexander 1995). This is a critical notion, since tensile (flexural) strength governs 
pavement design more so than compressive strength. However, it is suggested that increasing the 
paste-aggregate bond would also increase the modulus, decrease the fracture energy, and 
increase the brittleness of the concrete (Mindess et al. 1986; Mindess 1989). Alexander and 
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Taplin (1964) examined how the paste-aggregate bond (measured in a specimen of cement cast 
against a sawn aggregate surface) influenced the concrete flexural and compressive strengths, 
and it was found, through a linear regression analysis, that the flexural strength of hardened 
cement paste had a greater effect on the concrete strength than the paste-aggregate bond strength.   
In a study of coating aggregates with polystyrene to reduce the paste-aggregate bond, 
Darwin and Slate (1970) found that an aggregate with a thin, stiff coating will not affect the 
modulus very much, but a soft, thick coating will significantly reduce the modulus (one result 
found a 90% reduction). Based on the results of the Darwin and Slate study, the dynamic 
modulus of concretes with 0% and 50% FRAP were tested at -20°C in order to simulate an 
aggregate with a thin, stiff coating. At -20°C, the stiffness of asphalt is similar to the stiffness of 
concrete. However, the dynamic modulus of the concrete with 50% FRAP was still reduced by 
about 29% (see Figure 3-1), which is similar to the modulus reductions at other temperatures (4, 
21, and 54°C). Therefore, it was concluded that neither the asphalt stiffness nor the asphalt 
coating thickness were significantly affecting the concrete modulus. This indicates then that 
there is a potential bond issue between the asphalt on the FRAP and the cementitious matrix of 
the concrete.   
 
 
Figure 3-1. Dynamic modulus of concretes with 0 and 50% FRAP at -20°C. Source: Brand 2012; 
Brand et al. 2012. 
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For bond improvement, it is hypothesized that oxidation of the asphalt on the FRAP 
would improve bonding. Oxidation mainly results in the formation of carbonyl groups (i.e. 
aldehydes, ketones, carboxylic acids), and the added oxygen may act as bonding sites with the 
cement matrix, possibly through hydrogen bonding. In particular, the carboxylic acid group can 
react and bond (associate) with calcium inorganic compounds (Robertson 1991), as shown in 
Figure 3-2. Additionally, in a study of the asphalt functional groups most strongly adsorbed onto 
an aggregate surface, Plancher et al. (1977) found that various oxygen-containing functional 
groups (ketones, carboxylic acids, dicarboxylic anhydrides, 2-quiolone, and sulfoxides) were 
dominant and the carboxylic acids were the most prevalent group adsorbed on the surface. Since 
aggregates are inorganic compounds, this potentially correlates to inorganic hydrated 
cementitious compounds (i.e. C-S-H) which may also have strong interactions with the 
carboxylic acid functional groups.  
 
 
(a) 
 
(b) 
Figure 3-2. An asphalt molecule containing a carboxylic acid group (a) can react with calcium 
inorganic compounds (b). Source: Robertson (1991) 
 
The findings by Toutanji et al. (2010) support this hypothesis that bond improvement can 
be achieved with a greater number of sites for hydrogen bonding. The authors made a mortar by 
replacing the fine aggregate with poly(vinyl butyral) (PVB) and hypothesized that the hydroxyl 
groups and the ether oxygen functional group could provide non-covalent bonding with C-S-H to 
enhance the bond. Poly(vinyl alcohol) (PVA) fibers were also added to the cementitious material 
for similar arguments about bonding. The results indicated that the mortar with PVB had greater 
fracture toughness, and adding the PVA fibers further increased the fracture toughness and 
resulted in a higher interfacial bond shear strength relative to the control. While this study does 
provide some validity to the oxidized asphalt hypothesis, it should be noted that the authors did 
not keep a constant cementitious content for the PVB and control mixes, so the increase in 
fracture energy could have been attributed to higher total cementitious content. 
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In this chapter, methods were investigated to rapidly oxidize the asphalt through 
pretreatment prior to mixing the FRAP into concrete. Through a literature review, it was 
determined which methods may be useful in oxidizing the asphalt. Afterwards a laboratory study 
was started to investigate the effect of the oxidation methods on the asphalt, which was evaluated 
by infrared spectroscopy and surface free energy measurements. As a continuation of Chapter 2, 
the ITZ composition was also investigated after mixing treated FRAP in a cement mortar.  
 
3.1 LITERATURE REVIEW 
There have been no studies to date on attempts to improve bonding between RAP/FRAP 
and concrete. However there have been numerous studies on the effects of various chemicals and 
methods on the oxidation of asphalt.  
 
3.1.1 Overview of Asphalt Oxidation 
Oxygen can be naturally present in asphalt (prior to oxidation), typically in carboxylic, 
phenolic, and ketonic functional groups (Speight 1999). Oxidation of carbon will result in 
carbonyl groups (Robertson 1991), which are groups with a carbon-oxygen double bond (C=O). 
In addition to carbon, heteroatoms of sulfur can also be oxidized. Oxidation of sulfur will result 
in the formation of sulfoxide and sulfone groups (Speight 2001). The most common functional 
groups formed upon oxidation are ketones, anhydrides, carboxylic acids, and sulfoxides 
(Petersen 2009). Carboxylic acids typically form under severe oxidation (Robertson 1991). Basic 
oxidation functional groups are depicted in Figure 3-3. 
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Ketone 
 
Aldehyde 
 
Carboxylic acid 
 
Acid anhydride 
 
Sulfoxide 
 
Sulfone 
Figure 3-3. Basic functional groups formed with the oxidation of asphalt. 
 
3.1.2 Potential Asphalt Oxidation and Treatment Methods 
One potential oxidation method is by using sulfuric acid (H2SO4). Wang et al. (1993) 
found that a 3% sulfuric acid solution increased the asphalt viscosity over 600%, which can be 
indicative of oxidation. In addition, Wang et al. (1993) found an increase in the presence of 
sulfate functional groups. Though not studying asphalt, Leung and Grasley (2012) found that 
treating crumb rubber with sulfuric acid improved the damping effect of concrete and 
hypothesized that the acid treatment increased surface energy to improve bond.  
Nitric Acid (HNO3) is another potential oxidation method. In a concentrated form, nitric 
acid has both an oxidizing and a nitrating effect on asphalt (Labout 1950). Wang et al. (1993) 
found an increase in the asphalt viscosity, although the increase was not as significant as with 
sulfuric acid. In addition, Leung and Grasley (2012) found the same effect of treating the crumb 
rubber with nitric acid as with sulfuric acid: the surface energy increased 17% and 65% by 
treating the crumb rubber with 1M HNO3 for 10 and 30 minutes, respectively. Nitric acid has the 
added benefit of being one of the cheapest and readily available strong chemical oxidants, and it 
is typically used in industrial processes to form carboxyl groups (Vollhardt and Schore 2007). 
Asphalt oxidation may also be increased with the use of oxides of nitrogen. Campbell and 
Wright (1965) found that nitrogen dioxide (NO2), photosensitized nitrogen dioxide (i.e. NO2 
 132 
 
 
activated by ultraviolet light), and a mixture of oxygen and nitric oxide (NO) all increased the 
oxidation rate of asphalt when compared to air.  
Another potential acid treatment is with hydrofluoric acid (HF). Using a 1.2% 
hydrofluoric acid solution, Wang et al. (1993) found a very marginal increase in viscosity (6%). 
Therefore, there may be an effect of hydrofluoric acid on the asphalt oxidation, although the 
effect does not appear to be as significant as with sulfuric and nitric acids.  
During asphalt production, a blowing process is used to generate asphaltenes in the 
bitumen. Catalysts can be added to accelerate this process, which include sulfuric acid, nitric 
acid, phosphoric acid (H3PO4), ferric chloride, aluminum chloride, metal oxides (including Fe, 
V, Cr, Zn, Mn, and Cu), and alkali metal carbonates (Shell Bitumen 1995). H3PO4 is specifically 
used in a blowing process to age asphalts for roofing applications (Arnold 2014). Studies have 
indicated that H3PO4 will stiffen asphalt, which is a phenomenon that is attributed to oxidation, 
exampled by a study that found that H3PO4 did not stiffen the asphalt in a nitrogen atmosphere as 
significantly when compared to tests in an oxygen-containing air atmosphere (Arnold 2014). 
Duorado et al. (2014) found that the carbonyl (C=O) and sulfoxide (S=O) groups increased in an 
asphalt binder when 1% polyphosphoric acid was added.  
 Chromium-based compounds can also be strong oxidizers. Chromium trioxide (CrO3) is 
another chemical used in industrial processes to form carboxyl groups (Vollhardt and Schore 
2007). Al-Samarraie and Lena (1986) found that mono- and dicarboxylic acids formed when 
asphalt was oxidized with chromic acid (made by mixing sulfuric acid and sodium dichromate, 
Na2Cr2O7). Moschopedis and Speight (1971) found an increase in oxygen uptake when treating 
asphaltenes with potassium dichromate (K2Cr2O7). Kumari et al. (1990) found a strong presence 
of carbonyl groups after an asphalt was oxidized with chromium trioxide (CrO3) and suggested 
that the chromium trioxide oxidized the aldehydes, aromatic hydrocarbons, and benzylics and 
also reacted with the double bonds in order to form carbonyl (C=O), acidic (COOH), and epoxy 
groups.  
 Peroxide compounds can also be used as oxidizers. Studying asphaltenes, Moschopedis 
and Speight (1971) found that both sodium peroxide (Na2O2) and hydrogen peroxide (H2O2) 
increased the oxygen content. 
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 Segre and Joekes (2000) attempted to improve the hydrophilicity – and therefore the 
bond – of rubber tire particles with cement by soaking the rubber in sodium hydroxide (NaOH) 
solution based on the hypothesis that the NaOH would hydrolyze the carboxyl groups. The study 
found some evidence to support that the adhesion was improved, as did additional research by 
the authors (Segre et al. 2002, 2006). Li et al. (2004), however, did not find a significant 
improvement to the concrete properties when using NaOH as a surface treatment of tire chips. 
Najim and Hall (2013) also used NaOH to treat crumb rubber aggregate in concrete, but the 
results did not indicate a significant improvement. Similarly, Cavalcanti de Albuquerque et al. 
(2004) found that treatment of ground rubber particles with NaOH did not improve the strength 
of cement mortars.  
 Potassium permanganate (KMnO4), another strong oxidizer, can also be used in industrial 
processes to form carboxyl groups (Vollhardt and Schore 2007). Moschopedis and Speight 
(1971) found that potassium permanganate increased the amount of oxygen in asphaltenes, and it 
increased the amount of oxygen the most out of the chemicals tested (which were potassium 
dichromate, sodium peroxide, hydrogen peroxide, and potassium permanganate).  
 Maleic anhydride (MAH), C2H2(CO)2O, may also be useful in bond improvement. The 
polarity of asphalt is increased with the use of MAH, as the MAH may react with the double 
bonds in the asphalt in order to add a polar anhydride group (Kumari et al. 1990). Boucher et al. 
(1990) found that asphalt treated with MAH resulted in the presence of anhydride carbonyl 
groups.  
 Oxygen gas (O2) has been shown to potentially oxidize asphalt (Campbell and Wright 
1964; Moschopedis and Speight 1975; Mill and Tse 1990). Using oxygen gas both in the stable 
molecular state (triplet oxygen) and in the less stable but more reactive ultraviolet light activated 
oxygen (singlet oxygen), Wang et al. (1993) found an increase in oxidation, particularly with 
singlet oxygen. The rate of oxidation increases in the presence of oxygen with increasing 
temperature and/or pressure (Herrington et al. 1994), which is essentially the basis for modern 
accelerated asphalt aging methods (i.e. pressure aging vessel, rolling thin film oven).  
An allotrope of oxygen, ozone (O3), has also been shown to increase asphalt oxidation. 
Wright and Campbell (1964a) found a significant increase in the presence of carbonyl groups in 
an ozone-enriched oxygen environment, and for the same exposure time there was a greater 
 134 
 
 
amount of carbonyl groups from the ozone-enriched oxygen environment versus the plain 
oxygen environment. Campbell and Wright (1964) also found that the elemental amount of 
oxygen in the asphalt was greater when the asphalt was oxidized in the presence of an ozone-
enriched oxygen environment versus plain oxygen. Wright and Campbell (1964b) further found 
that the oxidation rate of asphalt is increased in an ozone-enriched oxygen environment exposed 
to radiation (which was from a carbon-arc radiant source).  
 Ultraviolet (UV) radiation has also been found to increase asphalt oxidation. UV 
radiation appears to increase the amount of carbonyl and sulfoxide groups in the asphalt 
(Knotnerus 1971; Glotova et al. 1974; Mill and Tse 1990; Ma et al. 2008; Wu et al. 2008a, 
2008b; Wu et al. 2009). As asphalt is further exposed to ultraviolet radiation, the total amount of 
naphthenes (cycloalkanes) is decreased and the amount of aromatics is increased (Glotova et al. 
1974). Wu et al. (2012) found that oxidation rate by ultraviolet radiation is 1.8 to 6.2 times 
greater than conventional thermal oxidation methods. In addition, UV radiation in the 
wavelength range of 300-400 nm has been found to result in the greatest amount of oxidation 
based on the carbonyl peak area (Yamaguchi et al. 2005). Mill and Tse (1990) found that thin 
asphalt coatings (3 μm) will absorb nearly all of the UV radiation (99.7% 300 nm radiation and 
88% 400 nm radiation absorbed) while thicker coatings (30 μm) will only absorb the radiation 
and be oxidized in the top 10 μm of the film, which demonstrates that thin coatings can be 
thoroughly oxidized.     
 
3.1.3 Potential Concrete Additives for Bond Improvement 
One plausible solution to the bond improvement problem is to add a mineral or chemical 
additive to the concrete in order to alter the ITZ and improve bonding. Lagerblad and Kjellsen 
(1999) suggested that any pozzolanic material with particle sizes finer than the cement can 
improve the ITZ properties through better packing density and subsequent pozzolanic reaction. 
Considering supplementary cementitious materials, silica fume has been found to improve the 
ITZ-aggregate bond while ground granulated blast furnace slag (GGBFS) has been found to have 
no effect and fly ash can influence the width of the ITZ, depending on the fly ash properties 
(Taylor 1997). Silica fume is beneficial in that it densifies the ITZ by reducing the amount of 
larger pores, decreasing the degree of bleeding, and reducing the amount of CH by inhibiting 
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growth and or forming C-S-H via pozzolanic reaction (Mindess et al. 2003). Therefore it is 
possible that the ITZ-aggregate bond may be enhanced through densification by adding silica 
fume. However, it is uncertain whether or not silica fume enhances the bond by actual chemical 
improvement or by simply densifying the ITZ (Mindess and Alexander 1995). The results from 
Chapter 2 indicated that silica fume only has a slight effect on the ITZ properties of mortar with 
FRAP
*
.  
In a direct tension interfacial test, Larbi and Bijen (1991) found that the bond strength of 
cement paste cast against a polished aggregate (limestone and granite) interface increased with 
the addition of 20% silica fume. Using a cleavage bond test, Odler and Zurz (1988) found that 
the addition of silica fume or fly ash could increase the bond strength, depending on the 
aggregate type. Mehta and Monteiro (1988) found that silica fume was very effective at reducing 
the size of the ITZ, ground granulated blast furnace slag was effective at a replacement of 30% 
but not 10% by weight, and Class C and Class F fly ash were effective but only at later ages 
(after 28 days). Perry and Gillott (1995) found that the addition of silica fume increased the 
flexural strength of the cement-aggregate bond for siliceous aggregates but had no effect or 
decreased the bond strength for carbonate aggregates. Fly ash was found to improve the bond 
strength between granite and cementitious paste, particularly at later ages, even though the 
addition of fly ash slightly decreased the paste flexural strength (Giaccio and Zerbino 1986).  
Chemical admixtures may also be beneficial in bond improvement. Giaccio and Zerbino 
(1986) found evidence that a naphthalene or melamine superplasticizer may slightly increase the 
paste-aggregate bond strength. Lagerblad and Kjellsen (1999) argued that superplasticizers can 
induce excessive bleeding in cementitious composites, thereby increasing the ITZ thickness, but 
this detrimental effect may be compensated by lowering the water-to-cement ratio or adding 
additional fines. Air entrainment may also improve the paste-aggregate bond strength (Giaccio 
and Zerbino 1986).  
Bonding enhancement for concrete patchwork falls into three categories: (1) chemical 
admixtures, (2) adhesives, and (3) resinous mortars (Schutz 1994). The admixtures for bond 
                                                 
*
 The results in Chapter 2 demonstrated the silica fume will reduce the porosity and CH content in mortars with 
FRAP aggregates. However, the porosity content was still greater than mortars with dolomite aggregates. It was thus 
concluded that silica fume does not significantly influence the ITZ properties, which is why silica fume has been 
found to not greatly affect the bulk strength of concrete with RAP aggregates, as demonstrated in other studies in the 
literature.  
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enhancement are latex-based, generally acrylic, styrene butadiene, or polyvinyl acetate latex. The 
latex can be applied to a surface to act as an adhesive agent or it can be mixed into the mortar or 
concrete. Epoxy resins are the most common adhesive agent for use in concrete patch bonding. 
Resinous mortars are mortar systems with epoxy as the binder. Such chemical admixtures to 
improve bonding include polyvinyl alcohol, latex, and other polymer modifiers. 
Polyvinyl alcohol (PVA) is a chemical additive that has been found to significantly alter 
the ITZ microstructure and its effect has been characterized through various microscopic and 
spectroscopic techniques (Chu et al. 1995, Kim and Robertson 1998, Kim et al. 1999). In 
concrete with PVA, cracks mainly propagated around the aggregate and through the cement 
matrix (ITZ), whereas without PVA (and a few specimens with PVA) the cracks formed at the 
cement-aggregate interface. With PVA the failure mode in the ITZ changed from adhesive to 
cohesive. The thickness of the ITZ was reported to be significantly reduced with PVA: in 
concrete with PVA the ITZ thickness ranged up to 30 μm but averaged around 15 μm, compared 
to the concrete without PVA had ITZ thicknesses up to 100 μm but averaged around 50 μm. 
From 0 to 10 μm from the aggregate surface, the ITZ had around 1/3 to 1/2 less CH than 
concrete without PVA. Studying the calcium-to-silicon ratio (Ca/Si), it was found that the bulk 
Ca/Si ratio was unchanged between concrete with and without PVA, but the concrete with PVA 
had a 44% reduction in the Ca/Si ratio at the interface. The authors deduced that PVA deterred 
CH from forming at the interface and thus, more C-S-H was allowed to form and adhere to the 
aggregate surface. The authors also suggest that the PVA had a superplasticizing effect on the 
cement, which allowed the cement grains to more densely pack at the interface, resulting in an 
overall denser ITZ. 
Latex-modified concrete may also be beneficial in bond improvement. Using a pushout 
test to study the load-slip relationship of the cement-aggregate bond, Li et al. (1995) and Aquino 
et al. (1995) found that a copolymer latex emulsion added to the paste could improve the bond 
strength. The results showed that the shear and frictional bond strengths were increased by 20% 
while the interfacial surface energy increased by 50%. The inclusion of the latex with an 
antifoaming agent reduced the ITZ porosity by around 20%. In another study, Lee et al. (1998) 
found that latex-modified concrete improved the bonding between the cement paste and the 
added crumb rubber in the concrete.  
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Pareek et al. (1993) tested the adhesion of cement paste with different polymer additives 
(styrene-butadiene rubber latex, ethylene-vinyl acetate emulsion, and polyacrylic ester emulsion) 
to a mortar substrate. It was found that the optimal adhesion was obtained by allowing the 
polymer-modified cement paste to cure on the mortar substrate for one hour prior to casting the 
bonding mortar. The adhesion strength was found to be increased by a factor 1.5 to 2.0 when 
using a polymer-modified cement paste, relative to the unmodified condition.  
 Sandrolini et al. (1993) tested a polymer-modified cement mortar by mixing cement, 
sand, and different unsaturated polyester resins. The resultant mortar experienced a decrease in 
strength, relative to the unmodified mortar, mainly because of high porosity. The unsaturated 
polyester resin did not homogenously disperse and rather separates to form regions of high 
porosity, as was verified by a microstructural examination.  
 
3.1.4 Potential Aggregate Coatings or Pretreatments for Bond Improvement 
Webster and Fontana (1982) coated aggregates with polymers in an attempt to improve 
bonding of cement with marginal aggregates in concrete. One of the blends consisted of 83% 
methyl methacrylate (MMA), 5% trimethylolpropane trimethacrylate (TMPTMA), and 12% 
poly(methyl methacrylate) (PMMA), while the other polymeric blend consisted of 57% styrene, 
38% TMPTMA, and 5% polystyrene. The aggregates were then vacuum-impregnated with the 
polymer blends. Both polymer blends were found to be successful in improving both the 
abrasion loss and the sulfate soundness of the marginal aggregates. For three of the four marginal 
aggregates tested (porous and poorly cemented limestone, highly porous dolomite, and fine-
grained volcanic lithic arenite), the compressive strength decreased but the flexural and split 
tensile strengths were slightly increased by impregnation with the MMA polymer. The fourth 
margninal aggregate (porous and poorly cemented quartzite) experienced increases in the 
compressive, flexural, and split tensile strengths from impregnation of the MMA and styrene 
polymers, and the freeze/thaw durability of the concrete did not experience strength reductions 
after 50 cycles for the polymer-impregnated aggregates while the untreated aggregate concrete 
exhibited a 13% reduction in compressive strength. The split tensile strength increased by 27% 
for the styrene-impregnated quartzite aggregate, which indicates a bond improvement.  
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 Najim and Hall (2013) pretreated crumb rubber aggregates with cement mortar or cement 
paste and found some indication of bond improvement. Chen and Wang (1988) also found 
evidence of bond improvement by precoating aggregates with a cementitious paste prior to 
mixing into concrete, as evidenced by the increased concrete strength and modulus. Wu and 
Zhou (1988) additionally found that the split tensile strength and the total fracture energy of 
specimens with cementitious materials cast against rock was increased when the rock was 
initially coated cement paste or cement paste with silica fume, and concrete made with precoated 
aggregates showed a decrease in the specific brittleness index. Coating aggregates with silica 
fume prior to mixing has also been found to provide some increase in strength because of ITZ 
improvement (Xie 1992). Coating aggregates with nanoparticles, such as nanosilica-
nanoboehmite and nanosilica-gibbsite combinations, have been shown to reduce the porosity of 
the ITZ (Muñoz et al. 2014).  
Bond improvement between crumb rubber and cement was investigated by Xi and Li 
(2003), who used “coupling agents” such as polyvinyl alcohol (PVA), polyacrylamide (PAAm), 
and a silane (3-aminopropyltriethoxysilane), which were dissolved in water, mixed with the 
rubber, and then dried. At rubber contents up to 50% in a mortar, the compressive strength was 
improved by both the PVA and silane treatments (more so by PVA), but there did not appear to 
be a significant strength improvement by using PAAm. A microstructural investigation 
suggested that the coupling agents improved the adhesion between the cement and rubber.  
Lu et al. (2014) found that polyacrylamide-treated crumb rubber could improve the 
mechanical properties of mortar relative to untreated crumb rubber. In a two-stage process, 
researchers have found that treating rubber particles with silane and then cement, prior to mixing 
the rubber into a mortar, can improve the strength and impact fracture properties of mortar and 
concrete (Dong et al. 2013; Huang et al. 2013). Silane (γ-methacryloxypropyltrimethoxysilane) 
has also been used as a coupling agent between polymer and silica on aggregates (Webster and 
Fontana 1982).  
Other bond improvement work of rubber in concrete was conducted by Rostami et al. 
(1993), who used carbon tetrachloride (CCl4) as a solvent to clean the surfaces of buff rubber 
prior to adding to concrete, which showed upwards of a 57% increase in compressive strength 
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relative to untreated rubber. Similarly, a latex admixture was also used as a surface treatment, 
which yielded a 42% increase in compressive strength.  
Xuequan et al. (1986) pretreated natural aggregates with various chemicals prior to 
mixing mortar or concrete. The aggregates were mixed with the pretreatment chemical(s) for 
three minutes, after which the cement was added, mixed, and then the remaining water was 
added. The pretreatment solutions included sulfuric acid, an alum solution, sulfuric acid with 
alum, sulfuric acid with water glass (sodium silicate), alum with water glass, and sulfuric acid 
with cement. For mortars with siliceous aggregate, not all pretreatments were tested (those tested 
were: alum solution, sulfuric acid with alum, sulfuric acid with water glass, and sulfuric acid 
with cement), but of those tested, all demonstrated improved compressive and flexural strengths 
versus the mortar with untreated aggregate. For mortars with calcareous aggregate, not all 
pretreatments were tested (those tested were: sulfuric acid, alum solution, sulfuric acid with 
water glass, and sulfuric acid with cement), but of those tested, most treatments demonstrated 
improved compressive and flexural strengths versus the mortar with untreated aggregate. At later 
ages, aggregate treatment with sulfuric acid resulted in the same flexural strength as mortar with 
untreated aggregate and treatment with alum solution resulted in the same compressive strength 
as mortar with untreated aggregate. Concrete was also created with siliceous fine aggregate and 
dolomite coarse aggregate, and the aggregates were treated with sulfuric acid with alum, alum 
with water glass, and sulfuric acid with cement. All treatments demonstrated increased 
compressive and flexural strengths compared to concrete with untreated aggregates. Additional 
work indicated that coating the coarse and fine aggregate with a water glass (sodium silicate) 
solution prior to mixing the concrete can increase the compressive and flexural strengths, even if 
the cement content is reduced (Xuequan et al. 1988).  
 
3.2 BOND IMPROVEMENT IN CONCRETE WITH FRAP (PRELIMINARY STUDY) 
Based on the bond improvement literature review, a number of asphalt treatments and 
concrete additives were selected, as summarized in Table 3-1. The potential asphalt oxidizers 
comprise the majority of the options. The chemicals used in the study were reagent grade. The 
UV light source intensity was rated at 21.7 mW/cm
2
 at a distance of 2 inches. 
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Table 3-1. Potential Bond Improvement Methods 
Bond Improvement Treatment or Additive  
Asphalt Oxidizer or 
Treatment 
Nitric acid (HNO3), sulfuric acid (H2SO4), 
hydrochloric acid (HCl), hydrofluoric acid (HF), 
phosphoric acid (H3PO4), chromium trioxide 
(CrO3), hydrogen peroxide (H2O2), potassium 
permanganate (KMnO4), maleic anhydride 
(C2H2(CO)2O),  ultraviolet (UV) light 
Concrete Additive Silica fume, fly ash, GGBFS, PVA, latex 
 
3.2.1 Concrete Preliminary Study  
As a proof-of-concept study, concrete was mixed with treated FRAP and evaluated for 
strength properties. All concretes followed the same mixture design (Table 3-2), which contained 
plain cement (600 lb/yd
3
), 50% FRAP, and a water-to-cement ratio of 0.4. In order to minimize 
the influences of other factors, no chemical admixtures (i.e. water reducer, air entrainment, 
superplasticizer) or supplementary cementitious materials were used.  
 
Table 3-2. Mix Design for Testing Concrete with Oxidized FRAP 
  
Amount 
(lb/yd
3
) 
Cement 600.0 
Total Coarse 
Aggregate (SSD) 
1849.0 
FRAP (SSD) 924.5 
Dolomite (SSD) 924.5 
Sand (SSD) 1185.4 
Water 239.2 
 
3.2.1.1 Trial Mix 1 
The amount of FRAP specified by the mix design was chemically treated by putting the 
material in a drum mixer with two liters of chemical and then mixed. With UV light treatment, 
the FRAP was first rinsed over a #4 (4.75 mm) sieve to remove the dust (since initial attempts 
with unwashed, dry FRAP resulted in the particles being covered with fines and dust rather than 
being exposed to UV light), and while wet, the FRAP was mixed in the drum mixer under UV 
light exposure at a distance of approximately 18 inches. Afterwards, the chemically-treated and 
UV-exposed FRAP was wet sieved over a #4 sieve. Accounting for aggregate moisture content, 
the concrete was then mixed, and a total of 12 4x8-inch cylinders were cast to test split tensile 
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strength at 7, 14, and 28 days and the compressive strength at 28 days. An average of 3 cylinders 
was tested at each age per test.  
The treatment conditions and resultant fresh concrete properties are provided in Table 
3-3. The change in concrete slump is suspected to be a function of the hydrophobicity of the 
asphalt on the FRAP and the amount of free water added to the concrete. Since the amount of 
free water was changed because of the moisture content of the aggregates, the change in slump 
can be from the free water amount and possibly also the hydrophobicity of the asphalt (with 
oxidation, the asphalt should become less hydrophobic). Previous work using the same FRAP 
source found that the concrete slump increases with increasing FRAP content despite reductions 
in added water reducing admixture (Brand and Roesler 2015), which suggests that the 
hydrophobicity of the asphalt may repel water and potentially the cement particles, resulting in a 
higher slump. Comparing Mix 1a (control) to Mix 2a (H2SO4), which both had relatively the 
same free water content, it can be seen that Mix 2a had a lower slump, which may indicate that 
the sulfuric acid oxidized the asphalt, resulting in a less hydrophobic interaction. Similarly, Mix 
4a (UV light) had a higher free water content then Mix 1a but still had a lower slump, which may 
also support this less hydrophobicity hypothesis. With regard to the other fresh properties, air 
content and unit weight were relatively unaffected across the different mixtures, as expected.  
The split tensile and compressive strengths are shown in Table 3-4 and indicated that the 
treatments did not necessarily improve the strengths over the control. There was also potential 
for high standard deviations in the results, as quantified by the coefficient of variation (COV). 
Ultimately, it was decided that the trial study did not control the variables (i.e. free mix water) 
sufficiently to be able to successfully compare the results.  
 
Table 3-3. Chemical Treatments and Resultant Concrete Fresh Properties (Trial Mix 1) 
Mix 
No. 
Treatment 
Duration of Mixing 
with Chemical 
Free Water Added 
to Mix (lb/yd
3
) 
Slump 
(inches) 
Air Content 
(%) 
Unit Weight 
(lb/ft
3
) 
1a 
Control (no 
treatment)* 
10 minutes 270.1 3-1/2 1.6 151.8 
2a 1M H2SO4 10 minutes 270.3 2-3/4 1.8 151.6 
3a 1M HNO3 10 minutes 264.7 2-1/2 1.7 151.4 
4a UV Light 10 minutes 271.1 3 1.5 150.8 
*The control was mixed with distilled water. 
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Table 3-4. Split Tensile and Compressive Strengths (Trial Mix 1) 
Mix 
No. 
Treatment 
Split Tensile Strength (psi) 
Compressive  
Strength (psi) 
7 day 14 day 28 day 28 day 
Average COV Average COV Average COV Average COV 
1a Control 533 14% 544 7% 586 2% 4772 1% 
2a 1M H2SO4 468 9% 543 17% 555 9% 4861 5% 
3a 1M HNO3 525 2% 498 14% 532 13% 4794 2% 
4a UV Light 502 3% 504 10% 574 15% 4249 17% 
 
3.2.1.2 Trial Mix 2 
The neutral strength results from the Trial Mix 1 study could have been because of 
different variables, such as a potential bond improvement (i.e. by oxidized asphalt) and the 
moisture content (i.e. free mix water). Since the aggregates all had different moisture contents 
(which was accounted for in the mix water), it is possible that this had an effect on the results. 
Therefore, to control the moisture variable, the mixes were recreated with dry virgin aggregates 
and FRAP. The virgin aggregates were dried in an oven at 105°C and then removed a few hours 
prior to mixing in order to return to room temperature. The FRAP was washed over a #4 sieve to 
remove excess dust and fines and then air-dry by storing in an environmentally-controlled room 
at 50% relative humidity and 23°C. The mix design was the same as the trial mixes (Table 3-2). 
With the asphalt being hydrophobic, there is a possibility that bonding is poor because of 
the layer of water on the surface of the FRAP. Therefore, the mixing process was altered in order 
to attempt to change this possibility. The FRAP and virgin coarse aggregate were mixed in the 
dry condition with the cement for 30 seconds after which about half of the water was added. 
After mixing for one minute, the sand was added along with the rest of the water and mixed for 
two minutes, three minutes rest, and then a final two minutes of mixing. This mixing procedure 
was formulated based on the two stage mix approach created for concrete with recycled concrete 
aggregate (Tam et al. 2005). 
In this second trial study, the control mix was made with FRAP that had not been mixed 
in drum mixer but simply mixed with air-dried washed FRAP. The UV-treated FRAP was made 
by placing washed FRAP containing surface moisture in the drum mixer with the UV light 
source at a distance of 18 inches, UV-treated for 15 minutes with the drum turning, and then the 
UV-treated FRAP was washed again over a #4 sieve before being air-dried in the environmental 
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chamber. With the acid treatments, the washed air-dry FRAP was mixed with the acid in the 
drum mixer for 15 minutes, washed over a #4 sieve, and then air-dried in the environmental 
chamber.  
Three additional trial mixes considered the effects of supplementary cementitious 
materials, namely Grade 100 GGBFS, Class C fly ash, and silica fume. The supplementary 
cementitious materials were proportioned by volume as 30% replacements of cement for the 
GGBFS and fly ash and 10% replacements of cement for the silica fume.  
The final trial mix considered the effect of PVA. The polyvinyl alcohol (PVA) was from 
Sigma-Aldrich and consisted of 98-99% hydrolyzed PVA with molecular weights ranging from 
31,000 to 50,000. The PVA was stirred into a flask of water and heated from room temperature 
to 90°C until the PVA was dissolved. The trial mix contained 1% PVA by weight of cement. 
 The fresh properties of the Trial Mix 2 concretes are shown in Table 3-5, which indicated 
similar unit weights for all mixtures. The slump for the control mix was somewhat high relative 
to the other mixtures. The unit weights were similar for all mixtures. The air contents were 
somewhat higher for the mixtures with supplementary cementitious materials, but otherwise 
were similar. A very high air content was found for the mix with PVA, which is the cause of the 
high slump and low unit weight, suggesting that an antifoaming agent should be used
†
.   
 The split tensile and compressive strengths of the mixtures are shown in Table 3-6, which 
indicated that there was some potential for strength increased with improved bonding. The UV 
light and both acid treatments increased the split tensile strength relative to the control, with 
minimal improvement to the compressive strength except for the HNO3 mix. The supplementary 
cementitious materials did not improve the split tensile strength relative to the control, although 
the compressive strength was significantly increased. The high air content for the PVA mixture 
resulted in very low strengths.  
 A t-test for statistical significance was performed on the results to determine if the 
strengths were statistically different from the control. With 95% confidence, the split tensile 
strengths at 7 and 14 days were not statistically different from the control. At 28 days, the HNO3-
treated FRAP mix resulted in a statistically higher split tensile strength than the control, while 
the mix with silica fume was found to be statistically lower than the control (Table 3-7). The 28-
                                                 
†
 As will be discussed in Section 3.3.1, an antifoaming agent was utilized in additional studies with PVA. 
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day compressive strength was found to be statistically different from the control for the mixes 
with supplementary cementitious materials (Table 3-8). The 28-day compressive strength of the 
HNO3-treated FRAP mix is statistically different from the control if one of the data points is 
discarded as an outlier. Overall, the results from Trial Mix 2 suggest that bond improvement is 
possible with FRAP and statistically greater strengths can be attained.  
 
Table 3-5. Chemical Treatments and Resultant Concrete Fresh Properties (Trial Mix 2) 
Mix No. Treatment 
Duration of Mixing 
with Chemical 
Slump 
(inches) 
Air Content 
(%) 
Unit Weight 
(lb/ft
3
) 
1b 
Control (no 
treatment) 
-- 6 1.6 151.8 
2b UV Light 15 minutes 2 1.5 152.0 
3b 1M H2SO4 15 minutes 2-1/2 1.6 152.4 
4b 1M HNO3 15 minutes 1 1.7 153.6 
5b 30% GGBFS -- 1 2.9 150.6 
6b 30% Fly Ash -- 3-1/2 2.1 151.4 
7b 10% Silica Fume -- 1 3.3 149.6 
8b 1% PVA -- 7.5 14.5 117.4 
 
Table 3-6. Split Tensile and Compressive Strengths (Trial Mix 2) 
Mix 
No. 
Treatment 
Split Tensile Strength (psi) 
Compressive  
Strength (psi) 
7 day 14 day 28 day 28 day 
Average COV Average COV Average COV Average COV 
1b 
Control (no 
treatment) 
468 8% 481 11% 535 3% 4445 2% 
2b UV Light 470 4% 511 3% 556 13% 4586 9% 
3b 1M H2SO4 508 6% 508 4% 554 8% 4512 7% 
4b 1M HNO3 543 7% 577 5% 607 3% 5108 9% 
5b 
30% 
GGBFS 
453 3% 475 10% 496 8% 4967 4% 
6b 
30% Fly 
Ash 
450 6% 498 9% 492 8% 5056 2% 
7b 
10% Silica 
Fume 
432 5% 471 14% 429 11% 4963 3% 
8b 1% PVA 145 10% -- -- -- -- -- -- 
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Table 3-7. Statistical Significance of the 28-Day Split Tensile Strengths Relative to the Control 
Mix No. Treatment t value p value 
Statistically 
Different? 
2b UV Light 0.516 0.6330 No 
3b 1M H2SO4 0.733 0.5044 No 
4b 1M HNO3 5.752 0.0045 Yes 
5b 30% GGBFS 1.537 0.1991 No 
6b 30% Fly Ash 1.749 0.1553 No 
7b 10% Silica Fume 3.838 0.0185 Yes 
 
Table 3-8. Statistical Significance of the 28-Day Compressive Strengths Relative to the Control 
Mix No. Treatment t value p value 
Statistically 
Different? 
2b UV Light 0.581 0.5926 No 
3b 1M H2SO4 0.352 0.7423 No 
4b 1M HNO3 2.333 0.0800 No 
5b 30% GGBFS 4.282 0.0128 Yes 
6b 30% Fly Ash 7.947 0.0014 Yes 
7b 10% Silica Fume 4.954 0.0077 Yes 
 
3.3 BOND IMPROVEMENT IN MORTAR WITH FRAP 
The results from Trial Mix 2 (Section 3.2.1.2) indicated the potential for bond 
improvement, which led to the next experimental setup to be devised to isolate more variables 
impacting the potential bond. A cement mortar was created with 100% FRAP in order to better 
control the moisture content and mixture proportions and to more rapidly evaluate the various 
bond improvement options.  
 The mortar was created with an aggregate-to-cement (i.e. FRAP-to-cement) ratio of 2.75 
(by weight) and a water-to-cement ratio of 0.4 (by weight). The FRAP all had the same 
“monoparticle” size gradation of particles passing the #4 (4.75 mm) sieve and retained on the #8 
(2.38 mm) sieve. All FRAP aggregates were in an air dry moisture condition after drying the 
material in an environmentally-controlled room at 50% relative humidity and 23°C. The mortar 
was mixed following ASTM C305 (2006), cast into plastic cylinder molds, and covered with 
plastic to prevent moisture loss. After 24 hours, the cylinders were removed from the molds and 
stored in a moist curing room until testing.  
A total of nine 2x4 inch cylinders were created for each mixture to evaluate the split 
tensile strength at 7 and 28 days and the compressive strength at 28 days, using an average of 
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three tests. The dynamic modulus was also measured at 7 and 28 days following ASTM C215 
(2008) by measuring the longitudinal and transverse fundamental resonant frequencies of the 
cylinders.  
 
3.3.1 FRAP and Mixture Preparations 
3.3.1.1 Chemical Treatment and Oxidation 
For the chemical treatments, 3300 grams of an air-dry FRAP sample was taken and 
treated with 1000 mL of the given chemical for 15 minutes by soaking the FRAP in the 
chemical, after which the FRAP was drained, rinsed with water, and allowed to air dry (50% 
relative humidity, 23°C) until mixing. The chemical treatments by soaking included 1 N HNO3, 
1 N HCl, 1 N H2SO4, 1 N HF, 1 N NaOH, 1 N H2O2, 1 M maleic anhydride (MAH), chromic 
acid (1 M H2SO4 with 10% CrO3 by weight), and 0.5 M KMnO4. 
Additional chemical treatments were conducted by mixing the FRAP with the chemical 
for 15 minutes. This was performed based on the hypothesis that mixing would allow oxygen 
from the air to be available for oxidation. In the mixing scenario, 500 mL of the chemical was 
mixed with 300 grams of air-dry FRAP for 15 minutes, after which the FRAP was drained, 
rinsed with water, and allowed to air dry (50% relative humidity, 23°C) until mixing. The 
chemical treatments by mixing included 1 N HNO3, 1 N HCl, 1 N H2SO4, 1 N HF, 1 N H3PO4, 1 
N NaOH, 1 N H2O2, 1 M MAH, chromic acid (1 N HNO3 with 10% CrO3 by weight), and 0.5 M 
KMnO4. 
 
3.3.1.2 Mineral and Chemical Additives 
The supplementary cementitious materials were used as a by weight replacement of 
cement. A Class C fly ash and a Grade 100 GGBFS were tested as 30% by weight replacements 
of cement and a silica fume was tested as 10% by weight replacement of cement. An additional 
mixture was created by mixing 1% silane [(3-aminopropyl)triethoxysilane] by weight of cement 
into the mortar. This silane appeared to have a plasticizing effect on the mortar. Sodium 
metasilicate (Na2SiO3) was mixed as a 10% by weight solution with water. This solution was 
then used to make the FRAP mortar.  
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A number of polymer-modified mortars were tested with 1% or 8% (by volume) 
replacements of cement with polymer. These additions included a styrene-butadiene copolymer 
dispersion (Styrofan ND 614, BASF Corporation), a styrene-acrylate copolymer dispersion 
(Acronal S 400 na, BASF Corporation), a polyvinylacetate polymer and vinylacetate-
dibutylmaleate copolymer dispersion (Daraweld C, Grace Construction Products), and PVA. 
Previous results had indicated that these polymers could entrain a significant amount of air, so an 
antifoaming agent (Antifoam 204, Sigma) was added as well. The amount of water in the 
polymer dispersion was accounted for in the mixture. The PVA was prepared in the same manner 
as previously described. Leaching can be a potential issue for polymer additions in cementitious 
materials, but of the polymers tested, only the Daraweld appeared to be leaching from the 
mortar
‡
.  
 
3.3.1.3 FRAP Pretreatment 
For the silane pretreatment, an aqueous solution of the silane with water was created. 
Previous tests developed that used silane to improve bonding with crumb rubber (Dong et al. 
2013; Huang et al. 2013) could not be utilized, as those methods involved ethyl alcohol, which 
could have interacted and/or dissolved the asphalt on the FRAP. The silanes tested included (3-
aminopropyl)triethoxysilane
§
 and [3-(methacryloyloxy)propyl]trimethoxysilane
**
. The air-dried 
FRAP was pretreated with 1% silane (by weight of dry FRAP) and allowed to dry. The FRAP 
and solution were mechanically mixed for 60 seconds, after which the FRAP was placed on a 
tray to dry in a room at 50% relative humidity and 23°C.  
In addition, mortar was also mixed with 1% silane (by weight of dry FRAP) where the 
silane was mixed into the water. A 3300-gram sample of air-dry FRAP was mixed with 500 mL 
of deionized water that contained 1% silane by weight of the FRAP. However, it was discovered 
24 hours after making the mortar that both silanes severely retarded the setting of the cement, so 
the samples were discarded.  
 The FRAP was also pretreated with Na2SiO3. For the pretreatment, a 24% by weight 
solution was created with 500 mL of water. A 3300 gram sample of air-dry FRAP was then 
                                                 
‡
 Leaching could be observed primarily after 28 days of the mortar being stored in a curing room 
§
 H2N(CH2)3Si(OC2H5)3, or C9H23NO3Si 
**
 H2C=C(CH3)CO2(CH2)3Si(OCH3)3, or C10H20O5Si, and is also known as 3-(trimethoxysilyl)propyl methacrylate 
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mixed with the solution for 60 seconds. The FRAP was then air-dried prior to mixing into 
mortar. Ultimately, this mortar was not constructible, since the Na2SiO3 had cemented the FRAP 
particles together.  
 
3.3.2 Mortar Strength and Modulus Results  
The 7- and 28-day strengths and moduli of the various bond improvement methods can 
be found in Table 3-9 to Table 3-12. The results were variable with a number of results 
demonstrating increases in the modulus but not strength. Therefore, statistical testing was 
necessary to evaluate the significance of a given treatment or additive. An unpaired two-tailed t-
test was performed on the datasets, comparing the means of the various samples to the control. 
With 95% confidence, the means that are statistically different (i.e. higher or lower)
††
 than the 
control mean are identified in Table 3-9 to Table 3-12.  
 The pretreatment of the FRAP by mixing was often found to result in statistically higher 
moduli with 95% confidence relative to the control. At 28 days, the greatest increases in 
longitudinal dynamic modulus were because of the HCl, chromic acid (CrO3 in nitric acid), and 
NaOH pretreatments, which all resulted in increases of around 13%. Additional statistically 
significant increases in longitudinal dynamic modulus were from the MAH, HNO3, H2SO4, 
H2O2, and H3PO4 pretreatments, which resulted in increases of 12%, 10%, 10%, 10%, and 10%, 
respectively. This statistically relevant increase in the dynamic modulus directly suggests a 
change in the ITZ properties, as theoretical modeling and resonant frequency dynamic modulus 
tests have been found to match by adjusting the elastic modulus of the ITZ (Sun et al. 2007).  
 While the split tensile strength was not statistically (95% confidence) improved, the 
compressive strength was found to be statistically higher in some instances. At 28 days, the mix 
with 10% silica fume resulted in a statistically higher average compressive strength (95% 
confidence), which was 17% higher than the control. The compressive strength was statistically 
higher (90% confidence,) than the control for the soaked pretreatments with HNO3 and HF, 
                                                 
††
 The t-test is used to evaluate if the means are statistically different, but if the mean is not found to be statistically 
different, the results to the t-test do not imply that the means are statistically the same. In other words, the t-test is 
not appropriate to determine if the means from two populations are statistically the same. Therefore, this t-test 
analysis was purely used to evaluate if the means were statistically different, whether a given mean is higher or 
lower than the control mean. 
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which were 7% and 10% higher, respectively, for the mixed pretreatment with HCl, which was 
14% higher, and for the mix with 30% GGBFS, which was 9% higher.   
 As expected, the strength and moduli of mortars with virgin dolomite aggregates is 
significantly higher than the same values for mortars with FRAP (Table 3-13). The dynamic 
modulus of mortars with treated FRAP, such as chromic acid and HCl, at 28 days can be at most 
about 10% less than the dynamic modulus of mortar with virgin dolomite at 7 days. The 
strengths between the mortars with treated FRAP or virgin dolomite were not comparable.  
 Ultimately, these data support the bond improvement hypothesis in that there may be an 
improved attraction/adhesion between the cement and asphalt after treatment, potentially 
improving the ITZ. While this improvement appears to have statistically improved the dynamic 
modulus, it was expected that an improved ITZ would also increase the strength. Perhaps, there 
are different mechanisms affecting the strength and the modulus with the treated FRAP. 
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Table 3-9. Average 7-Day Strengths and Moduli for Mortar with Oxidized or Treated FRAP 
Mix 
Split Tensile Strength 
(psi) 
Longitudinal Dynamic 
Modulus (psi) 
Transverse Dynamic 
Modulus (psi) 
Average 
Standard 
Deviation 
Average 
Standard 
Deviation 
Average 
Standard 
Deviation 
Control 
(untreated 
FRAP) 
310.6 39.8 3.49E+06 7.26E+04 3.48E+06 4.60E+04 
UV (30 minutes 
at 2 inches) 
276.6 3.7 3.78E+06*† 4.11E+04 3.79E+06*† 7.24E+04 
1 N HCl 
(soaked) 
358.6 41.3 3.74E+06*† 9.65E+04 3.72E+06*† 1.26E+05 
1 N HNO3 
(soaked) 
344.4 34.3 3.75E+06*† 7.90E+04 3.76E+06*† 1.32E+05 
1 N HF (soaked) 359.3 7.5 3.54E+06 1.92E+05 3.51E+06 3.43E+05 
1 N H2SO4 
(soaked) 
328.1 25.0 3.55E+06 3.10E+04 3.49E+06 3.12E+04 
1 N H2O2 
(soaked) 
353.3 43.7 3.46E+06 9.54E+04 3.32E+06 1.78E+05 
1 N NaOH 
(soaked) 
331.7 29.3 3.52E+06 2.95E+04 3.44E+06 3.93E+04 
Chromic Acid
1
 
(soaked) 
218.9*† 16.7 3.27E+06*† 8.03E+04 3.28E+06*† 8.38E+04 
1 M MAH 
(soaked) 
247.4 36.9 3.65E+06*† 2.48E+04 3.58E+06*† 2.39E+04 
0.5 M KMnO4 
(soaked) 
205.8*† 31.1 3.54E+06 2.24E+04 3.55E+06 6.65E+04 
1N HCl (mixed) 275.3 46.2 4.09E+06*† 1.45E+05 4.09E+06*† 9.08E+04 
1N HNO3 
(mixed) 
272.9 43.3 3.85E+06*† 7.18E+04 3.85E+06*† 8.77E+04 
1N H2SO4 
(mixed) 
236.6*† 14.6 3.87E+06*† 6.57E+03 3.92E+06*† 3.86E+04 
1N HF (mixed) 245.0† 30.7 3.84E+06*† 3.17E+04 3.81E+06*† 2.78E+04 
1N H2O2 
(mixed) 
333.0 28.8 3.72E+06*† 3.37E+04 3.78E+06*† 2.83E+04 
Chromic Acid
2
 
(mixed) 
333.5 17.1 3.85E+06*† 9.94E+04 3.84E+06*† 1.03E+05 
1M MAH 
(mixed) 
410.6† 56.2 4.01E+06*† 1.51E+05 3.93E+06*† 5.26E+04 
1M NaOH 
(mixed) 
336.7 54.0 4.10E+06*† 4.43E+04 4.01E+06*† 5.30E+04 
0.5M KMnO4 
(mixed) 
338.3 25.4 3.71E+06*† 7.43E+04 3.65E+06*† 4.69E+04 
1N H3PO4 
(mixed) 
307.6 47.6 3.85E+06*† 7.82E+04 3.83E+06*† 1.11E+05 
* Mean is statistically different from the control with 95% confidence 
† Mean is statistically different from the control with 90% confidence 
11 M H2SO4 with 10% CrO3 by weight 
21 N HNO3 with 10% CrO3 by weight 
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Table 3-10. Average 7-Day Strengths and Moduli for Mortar with Additives 
Mix
 
Split Tensile 
Strength (psi) 
Longitudinal Dynamic 
Modulus (psi) 
Transverse Dynamic 
Modulus (psi) 
Average 
Standard 
Deviation 
Average 
Standard 
Deviation 
Average 
Standard 
Deviation 
Control 310.6 39.8 3.49E+06 7.26E+04 3.48E+06 4.60E+04 
30% Fly Ash 290.8 21.7 3.67E+06*
† 5.64E+04 3.63E+06*† 4.38E+04 
30% GGBFS 295.2 17.5 3.60E+06
† 4.15E+04 3.58E+06 9.17E+04 
10% Silica 
Fume 
280.7 25.8 3.77E+06*† 7.85E+04 3.77E+06*† 1.10E+05 
8% Styrofan 274.4 19.7 3.36E+06† 5.65E+04 3.39E+06*† 3.06E+04 
8% Daraweld 270.8 18.1 3.34E+06*† 4.00E+04 3.39E+06 7.79E+04 
8% Acronal 305.7 11.1 3.48E+06 9.73E+04 3.44E+06 1.15E+05 
1% PVA
 306.8 13.0 3.66E+06*† 2.94E+04 3.63E+06† 1.02E+05 
10% Sodium 
Metasilicate 
201.5*† 3.5 3.53E+06 1.34E+04 3.49E+06 9.56E+04 
1% Silane 259.0 31.5 3.30E+06*
† 1.32E+04 3.30E+06*† 2.98E+04 
*Mean is statistically different from the control with 95% confidence 
† Mean is statistically different from the control with 90% confidence 
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Table 3-11. Average 28-Day Strengths and Moduli for Mortar with Oxidized or Treated FRAP 
Mix 
Split Tensile Strength 
(psi) 
Longitudinal Dynamic 
Modulus (psi) 
Transverse Dynamic 
Modulus (psi) 
Compressive Strength 
(psi) 
Average 
Standard 
Deviation 
Average 
Standard 
Deviation 
Average 
Standard 
Deviation 
Average 
Standard 
Deviation 
Control 
(untreated 
FRAP) 
351.3 28.3 3.75E+06 1.59E+05 3.77E+06 1.64E+05 2305.9 89.1 
UV (30 
minutes at 
2 inches) 
276.3† 41.6 3.96E+06*† 8.10E+04 4.05E+06*† 5.55E+04 2461.2 310.2 
1 N HCl 
(soaked) 
345.6 30.2 3.89E+06† 7.64E+04 3.87E+06 9.99E+04 2520.0 163.0 
1 N HNO3 
(soaked) 
366.8 26.5 3.97E+06*† 7.79E+04 4.07E+06*† 6.80E+04 2478.0† 73.0 
1 N HF 
(soaked) 
324.8 40.9 3.83E+06 5.80E+04 3.87E+06 1.32E+05 2530.5† 132.2 
1 N H2SO4 
(soaked) 
326.4 28.2 3.76E+06 6.62E+04 3.81E+06 6.35E+04 2320.6 199.3 
1 N H2O2 
(soaked) 
291.6 63.0 3.82E+06 8.75E+04 3.82E+06 7.00E+04 2486.4 183.2 
1 N NaOH 
(soaked) 
326.2 69.0 3.84E+06 8.61E+04 3.85E+06 5.44E+04 2324.8 156.8 
Chromic 
Acid1 
(soaked) 
275.9*† 31.1 3.40E+06*† 1.11E+05 3.41E+06*† 1.35E+05 2144.4† 65.5 
1 M MAH 
(soaked) 
304.7† 18.8 3.86E+06 4.29E+04 3.85E+06 7.60E+04 2379.4 422.3 
0.5 M 
KMnO4 
(soaked) 
356.8 10.2 3.70E+06 7.08E+04 3.72E+06 9.61E+04 2245.1 280.3 
1N HCl 
(mixed) 
380.6 31.8 4.22E+06*† 1.03E+05 4.25E+06*† 1.07E+05 2629.1† 182.7 
1N HNO3 
(mixed) 
369.6 25.3 4.13E+06*† 6.86E+04 4.20E+06*† 9.40E+04 2249.3 326.0 
1N H2SO4 
(mixed) 
334.9 41.8 4.13E+06*† 8.44E+04 4.12E+06*† 9.50E+04 2503.2 250.7 
1N HF 
(mixed) 
352.3 26.3 4.02E+06*† 7.88E+04 3.99E+06*† 8.39E+04 2467.5 287.3 
1N H2O2 
(mixed) 
353.0 43.5 4.11E+06*† 7.14E+04 3.96E+06*† 5.11E+04 2417.1 260.2 
Chromic 
Acid2 
(mixed) 
370.1 15.3 4.25E+06*† 7.30E+04 4.13E+06*† 5.24E+04 2559.8 270.7 
1M MAH 
(mixed) 
374.7 39.9 4.18E+06*† 9.99E+04 4.11E+06*† 1.47E+05 2354.2 375.0 
1M NaOH 
(mixed) 
386.4 59.2 4.22E+06*† 9.56E+04 4.24E+06*† 9.78E+04 2339.5 256.7 
0.5M 
KMnO4 
(mixed) 
309.3 25.3 4.05E+06*† 1.13E+05 3.98E+06*† 1.31E+05 2446.5 379.6 
1N H3PO4 
(mixed) 
323.4 49.9 4.11E+06*† 1.07E+05 4.16E+06*† 1.21E+05 2398.3 290.3 
*Mean is statistically different from the control with 95% confidence 
† Mean is statistically different from the control with 90% confidence 
11 M H2SO4 with 10% CrO3 by weight; 
21 N HNO3 with 10% CrO3 by weight 
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Table 3-12. Average 28-Day Strengths and Moduli for Mortar with Additives 
Mix 
Split Tensile 
Strength (psi) 
Longitudinal Dynamic 
Modulus (psi) 
Transverse Dynamic 
Modulus (psi) 
Compressive 
Strength (psi) 
Average 
Standard 
Deviation 
Average 
Standard 
Deviation 
Average 
Standard 
Deviation 
Average 
Standard 
Deviation 
Control 351.3 28.3 3.75E+06 1.59E+05 3.77E+06 1.64E+05 2305.9 89.1 
30% Fly Ash 353.3 22.2 4.00E+06*
† 5.76E+04 4.06E+06*† 5.96E+04 2394.1 126.6 
30% GGBFS 369.7 35.6 3.94E+06*
† 1.17E+05 3.96E+06† 1.72E+05 2517.9† 294.6 
10% Silica 
Fume 
402.0 32.8 4.05E+06*† 1.41E+05 4.04E+06*† 1.96E+05 2704.6*† 203.6 
8% Styrofan 263.5*† 14.7 3.57E+06*† 5.20E+04 3.64E+06 7.97E+04 1922.0 379.3 
8% Daraweld 260.5*† 24.6 3.46E+06*† 3.58E+04 3.55E+06* 7.09E+04 1672.3*† 254.2 
8% Acronal 266.2*† 40.0 3.56E+06*† 7.48E+04 3.56E+06* 1.38E+05 2029.0† 176.3 
1% PVA 344.6 32.3 3.91E+06*
† 3.53E+04 3.93E+06† 6.93E+04 2163.3 160.0 
10% Sodium 
Metasilicate 
292.8*† 8.8 3.70E+06 6.63E+04 3.72E+06 5.71E+04 2096.1*† 81.8 
1% Silane 352.0 21.4 3.79E+06 7.80E+04 3.84E+06 8.27E+04 2412.9 125.9 
*Mean is statistically different from the control with 95% confidence 
† Mean is statistically different from the control with 90% confidence 
 
Table 3-13. Average and Moduli for Mortar with Virgin Dolomite Aggregate 
Mix 
Split Tensile Strength 
(psi) 
Longitudinal Dynamic 
Modulus (psi) 
Transverse Dynamic 
Modulus (psi) 
Compressive 
Strength (psi) 
Average 
Standard 
Deviation 
Average 
Standard 
Deviation 
Average 
Standard 
Deviation 
Average 
Standard 
Deviation 
Dolomite 
(7 Days) 
529.2 44.6 4.65E+06 1.30E+05 4.86E+06 1.74E+05 -- -- 
Dolomite 
(28 Days) 
551.4 28.4 5.13E+06 2.05E+05 5.27E+06 2.24E+05 7827.2 440.1 
 
3.4 BOND IMPROVEMENT MECHANISM INVESTIGATION 
Based on the FRAP mortar study, a number of treatment options were found to be viable 
for bond improvement in terms of statistically increased dynamic modulus and compressive 
strength. The next investigation focused on ascertaining the details of the mechanism on how the 
various treatments improved the bonding. This experimental design was divided into three 
sections: functional group analysis of oxidized asphalt, surface free energy examination, and 
interface testing of oxidized asphalt with cement mortar. In the first section of the study, plain 
virgin asphalt binder was oxidized by various methods (i.e. chemical treatment, ultraviolet light) 
and examined for functional groups in order to determine the effectiveness of each method. This 
same material was then tested to measure the surface free energy of the oxidized asphalt to 
 154 
 
 
evaluate the bond affinity. Finally, an interface test was used to characterize the effectiveness of 
the oxidation methods.  
 
3.4.1 FTIR Analysis of Oxidized Asphalt  
Since the asphalt on the FRAP particles is likely oxidized and to varying degrees, a virgin 
asphalt was selected to study the effects of various oxidation methods. The asphalt used was a 
typical performance grade (PG) 64-22. The asphalt was then examined using Fourier transform 
infrared spectroscopy (FTIR), which is a technique that is often used to determine what organic 
functional groups are present in a given sample.  
The general theory of infrared spectroscopy (a broader spectroscopic technique that 
includes FTIR) is that infrared radiation in the wavelength range of 2.5 to 25 μm (or 
wavenumbers, which are the inverse of wavelength, of 4000 to 400 cm
-1
) corresponds to the 
energy range for bending and stretching of covalent bonds in a molecule (Pavia et al. 2001). 
Therefore, a given covalent bond will peak at a certain radiation wavelength or range of 
wavelengths. For asphalt, the typical covalent bond action and corresponding wavenumber are 
shown in Table 3-14. As previously mentioned, the most important groups to identify with 
respect to oxidized asphalt are the carbonyl (C=O) and sulfoxide (S=O) groups, both of which 
can be identified by an infrared spectrometric technique such as FTIR.  
 
Table 3-14. Typical Infrared Spectra Assignments for Asphalt (after Speight 2001) 
Wavenumber (cm
-1
) Covalent Bond Assignment 
2920 C-H stretching in CH3 
2880 C-H stretching in CH2 
1700 Carbonyl C=O stretching 
1600 Aromatic C=C stretching 
1465 C-H bending in CH2 
1380 C-H bending in CH3 
1030 Sulfoxide S=O 
865 
Aromatic C-H bending 
815 
760 
735 
 
Infrared spectroscopy works by shining infrared light (radiation) on a sample. Depending 
on the experimental setup, a detector will measure the amount of transmitted, absorbed, or 
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reflected light for a given wavelength. Peaks will then appear on a spectrum corresponding to a 
given vibrational mode (for example, C-H stretching, C=O stretching, C-H bending, etc). FTIR is 
a particularly powerful analysis technique since a full spectrum of infrared radiation is incident 
on the sample and then separated by a Fourier transform. In this method, dozens if not hundreds 
of spectra can be taken and averaged in a relatively short time span, which allows for the 
collection of a more sensitive spectrum with a better signal-to-noise ratio (Pavia et al. 2001).  
There have been a large number of studies that have used FTIR to study asphalt. Given 
the heterogeneity of asphalt, it is very difficult (if at all possible) to quantitatively examine 
asphalt with FTIR. Typically FTIR has been utilized as an index text for asphalt (i.e. to ascertain 
the presence of a certain functional group, such as carbonyl groups upon oxidation). However, 
the ratio of peak areas has been successfully used by numerous researchers to better analyze the 
FTIR data. Pieri et al. (1996) and Lamontagne et al. (2001a) utilized the peak areas from FTIR 
spectra of asphalt to evaluate spectrometric indexes. The peak area is determined from valley to 
valley, as shown in Figure 3-4. The spectrometric indexes are then computed as a ratio of peak 
area(s): 
 Aromaticity index: 𝐴1600/ ∑ 𝐴 
Aliphatic index: (𝐴1460 + 𝐴1376)/ ∑ 𝐴 
Branched index: 𝐴1376/(𝐴1460 + 𝐴1376) 
Carbonyl (or Oxidation) index: 𝐴1700/ ∑ 𝐴 
Sulfoxide index: 𝐴1030/ ∑ 𝐴 
(3.1)  
The sum of peak areas (∑ 𝐴) is the defined as the area sum of all significant identified peaks 
(after Lamontagne et al. 2001a):  
 ∑ 𝐴 = 𝐴1700 + 𝐴1600 + 𝐴1465 + 𝐴1380 + 𝐴1030 + 𝐴2880 + 𝐴2920 + 𝐴865
+ 𝐴815 + 𝐴760 + 𝐴735 
(3.2)  
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Figure 3-4. An example of an FTIR absorption spectrum, indicating valley to valley peak area 
evaluation. Source: Lamontagne et al. (2001a) 
 
By the Beer-Lambert Law, the absorption of a given bond is related to the concentration 
of that group (Pavia et al. 2001). Since the amount of asphalt in each sample was not constant for 
each FTIR analysis, the spectrometric indexes are useful since a normalization technique is not 
required for comparison (Lamontagne et al. 2001a).  
In the preliminary study (Sections 2.4.1.1 and 2.4.1.2), a Thermo Nicolet Nexus 670 
FTIR was initially used, which had a detectable spectrum range of 4000 to 800 cm
-1
. In the 
actual analysis (Sections 2.4.1.3), a PerkinElmer Frontier FTIR was used, which had a detectable 
spectrum range of 4000 to 380 cm
-1
. A total of 64 scans were taken per sample and averaged. 
The resolution was 2 cm
-1
.  
 
3.4.1.1 Preliminary Investigation (Diffuse Reflectance FTIR)
‡‡
 
 The initial investigation concerned the possibility of only detecting the functional groups 
on the surface of a sample (such as a single FRAP particle) using diffuse reflectance, otherwise 
known as DRIFT (diffuse reflectance infrared Fourier transform). In this technique, the infrared 
beam is reflected from mirrors and is then incident on the sample. DRIFT is a common technique 
                                                 
‡‡
 This technique was initially investigated based on suggestions from the staff at Materials Research Laboratory, 
University of Illinois. The potential idea was that DRIFT could be used to examine a FRAP particle.  
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for analysis of powders and solid samples. When radiation is incident on a solid surface, two 
types of reflection occur: specular and diffuse. Specular reflection is the type that occurs with a 
mirror; the angle of incidence is equal to the angle of reflection. Diffuse reflection is like the 
reflection from a matte surface; the radiation penetrates into the material and experiences varying 
amounts of reflection, refraction, scattering, and absorption before exiting the materials at the 
surface (Griffiths and Fuller 1982). The DRIFT technique has been used in previous studies to 
examine asphalt components and petroleum, including asphaltenes (Christy et al. 1989; Karstang 
et al. 1991; Coelho et al. 2006), petroleum residues (Castro 2006), and the examination of 
asphalt-aggregate interfaces (McKay and Wolf 1992).  
 After a number of trial tests
§§
, it was determined that DRIFT was not a successful 
technique for this specific application. The example spectrum shown in Figure 3-5 clearly 
contains some peaks, some of which may pertain to the necessary functional group excitations, 
but the general behavior of the spectrum is not representative of how a quality spectrum should 
appear.  
 
 
Figure 3-5. Diffuse reflectance FTIR spectrum of virgin asphalt. 
 
                                                 
§§
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3.4.1.2 Preliminary Investigation (Transmission Mode FTIR) 
Given the poor spectrum quality obtained for these samples using DRIFT, the more 
conventional transmission FTIR was investigated. In this mode, a sample is suspended in a 
matrix, and the IR radiation is incident on the sample and the wavelengths that are not absorbed 
are detected. To prepare the samples, a very thin section of asphalt was taken and suspended in 
potassium bromide (KBr) powder, which is “invisible” to infrared light in the range used. 
Applying compressive stress, the KBr particles coalesce to form a KBr pellet. The suspended 
sample was then placed in the FTIR for analysis. While some acceptable spectra were obtained 
(e.g. see Figure 3-6), ultimately the KBr pellet method did not work too well with room-
temperature asphalt samples, as some of the powder would not coalesce into a matrix, which 
ultimately led to a loss in signal or a noisy spectrum (e.g., see Figure 3-7), likely because of 
scattering effects.  
 
 
Figure 3-6. Transmission (absorbance) FTIR spectrum of virgin asphalt. 
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(a) 
 
(b) 
Figure 3-7. Transmission (absorbance) FTIR spectrum of asphalt treated with H2SO4 (a), 
highlighting the noisiness of the spectrum (b). 
 
3.4.1.3 Analysis with Attenuated Total Reflectance FTIR 
 Ultimately, the technique found to work best was FTIR by attenuated total reflectance 
(ATR). ATR is one of the most common FTIR techniques, mainly since it requires little to no 
sample preparation (Griffiths and de Haseth 2007). Additionally, ATR has been commonly 
applied in the study of asphalt (Lee and Huang 1973; Jemison et al. 1992; Karlsson and Isacsson 
2003; Ouyang et al. 2006; Yut and Zofka 2011; Poulikakos et al. 2014). In the setup of ATR, the 
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sample is placed in contact with an optically dense (i.e. high refractive index) crystal, and then 
an incident infrared beam is sent through the crystal to the sample (see Figure 3-8). An 
evanescent wave is produced, which penetrates a few microns into the sample. The energy of this 
infrared evanescent wave is absorbed according to the excitation frequency of a given function 
group vibration mode, and this energy loss is measured as the infrared beam passes back through 
the crystal to the detector (PerkinElmer 2007).  
 
 
Figure 3-8. The basic principle of FTIR ATR. Source: PerkinElmer (2007). 
 
The depth of penetration (dp) of the infrared radiation into the sample can be determined 
based on the index of refraction of the crystal (n1) and of the sample (n2), the wavelength of the 
radiation (λ), and the incident angle (θ) (Griffiths and de Haseth 2007): 
 
𝑑𝑝 =
𝜆
2𝜋𝑛1√sin2 𝜃 − (𝑛2 𝑛1⁄ )2
 (3.3)  
In this experimental analysis, a diamond crystal was used, which had a KRS-5 (thallium-
bromoiodide) focusing element. The refractive indexes of asphalt and diamond are on the order 
of 1.64 and 2.4, respectively. By Snell’s law, the critical angle is 43.1°. Since the incident angle 
needs to be greater than the critical angle, the depth of penetration of the asphalt, at most, is on 
the order of a few microns (Figure 3-9). As the angle of incidence approaches 90°, the depth of 
penetration is less than one micron in the wavenumber range of 4000 to 1000 cm
-1
.  
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Figure 3-9. Depth of penetration in asphalt assuming angles of incidence of 45° and 90°. 
 
Given that the depth of penetration was on the order of only a few microns, thin samples 
of asphalt were surface treated and examined with FTIR ATR. The samples were approximately 
0.2 mm thick and surface treated for 15 minutes with 1N HCl, 1N HNO3, 1N H2SO4, 1N HF, 1N 
H3PO4, 1N H2O2, chromic acid (1N HNO3 with 10% CrO3 by weight), 1N MAH, 0.5M KMnO4, 
and 1M NaOH. An additional sample was treated with UV light for 15 minutes, which equated to 
approximately 4.9 J of UV light.  
An example of the peak area identification is shown in Figure 3-10. The peak areas were 
identified and quantified after the method by Lamontagne et al. (2001a). The FTIR ATR spectra 
of each of the treated samples are shown in Figure 3-11 and Figure 3-12, highlighting the 
relevant ranges of wavenumber data. Drastic changes in the spectra were not immediately 
evident, except for the carbonyl and sulfoxide peaks for the MAH-treated sample. To further 
quantify the changes in the spectra, the previously-defined spectroscopic indexes were computed 
for each sample, as shown in Table 3-15.  
It is evident from the spectroscopic indexes, particularly the carbonyl and sulfoxide 
indexes (Figure 3-13), that the various treatments did oxidize the asphalt. The treatments that did 
not exhibit a particular change in the carbonyl index included NaOH, H2O2, HF, and H2SO4, and 
the treatments that did not exhibit a particular change in the sulfoxide index included HNO3, HF, 
H2O2, MAH, and KMnO4. A summation of the carbonyl and sulfoxide indexes can give an 
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indication of the cumulative oxidation effect of the treatment, as shown in Figure 3-14, which 
demonstrates that the treatments that were not apparently overly effective included KMnO4, 
H2O2, and HF. The most effective treatments included chromic acid, H3PO4, and MAH.  
The carbonyl and sulfoxide indexes obtained from chemical oxidation – 0.5-4% and 5-
10%, respectively – appear to be greater than the values reported in the literature***. Lamontagne 
et al. (2001a) reported carbonyl and sulfoxide indexes of up to 0.8% and 1.5% after 6 years of 
field aging, which had increased from around 0.3% and 0.5%, respectively, from the day of 
construction. Lamontagne et al. (2001b) reported an increase in the carbonyl index from about 
0.4% to 2.7% during a laboratory aging experiment. Mouillet et al. (2008) reported increases in 
the carbonyl and sulfoxide indexes from 0.0% and 4.9% to 2.0% and 7.1%, respectively, after 
laboratory aging. Yut and Zofka (2011) reported increases in the carbonyl and sulfoxide indexes 
from 0.2% and 0.4% to 0.9% and 2.4%, respectively, after laboratory aging for an unmodified 
PG64-22 binder. Based on the magnitude of the values presented in the literature, it is evident 
that the 15 minute chemical oxidation performed in this experimental study was sufficient to be 
similar to the oxidative aging created in the laboratory.  
 
 
Figure 3-10. Peak area identification for the asphalt sample treated with 1M HCl. 
 
 
                                                 
***
 However, some of these studies pertain to polymer-modified asphalts or asphalts with antioxidant additives, 
which affects the oxidation potential and initial and final carbonyl and sulfoxide measurements.  
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Figure 3-11. FTIR ATR spectra (transmittance) for the treated asphalt samples in the 
wavenumber range of 3050 to 2750 cm
-1
. 
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Figure 3-12. FTIR ATR spectra (transmittance) for the treated asphalt samples in the 
wavenumber range of 1800 to 600 cm
-1
. 
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Table 3-15. Spectroscopic Indexes for Each Treated Asphalt Sample 
Treatment 
Aromaticity 
Index 
Aliphatic 
Index 
Branched 
Index 
Carbonyl 
Index 
Sulfoxide 
Index 
Virgin Asphalt 4.0% 30.7% 10.5% 0.3% 6.0% 
HCl 5.8% 25.7% 15.2% 1.6% 6.8% 
H2SO4 5.5% 25.1% 15.2% 0.5% 6.8% 
HNO3 5.6% 24.6% 14.4% 2.1% 5.6% 
HF 6.0% 25.4% 14.7% 0.5% 6.1% 
H3PO4 4.3% 26.0% 17.6% 1.6% 8.3% 
H2O2 4.7% 30.0% 11.5% 0.3% 5.9% 
Chromic Acid 6.3% 23.2% 13.0% 1.6% 9.8% 
MAH 9.4% 23.3% 13.0% 4.3% 4.8% 
KMnO4 4.6% 27.2% 12.8% 0.7% 5.3% 
NaOH 4.5% 27.2% 14.0% 0.3% 7.3% 
UV  3.4% 33.4% 9.5% 1.0% 7.1% 
Before Aging* -- -- -- 0.0% 4.9% 
After Aging* -- -- -- 2.0% 7.1% 
*Data from Mouillet et al. (2008) 
 
 
Figure 3-13. A comparison of the carbonyl and sulfoxide indexes for each treated asphalt sample. 
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Figure 3-14. A plot of the carbonyl index plus the sulfoxide index.  
 
3.4.2 Contact Angle and Surface Free Energy 
The relative hydrophobicity or hydrophilicity of a given material surface can be 
determined from the sessile drop method, which can be used to measure the contact angle 
between a drop of water (or any liquid) and a surface. More generally, the sessile drop method 
can be applied to any liquid on any surface, which can be used to describe the “wettability” of a 
given surface by a given liquid. The measured contact angle (θ) refers to the relative wettability, 
as can be seen in Figure 3-15; small contact angles (θ<<90°) relate to high wettability and high 
surface free energy while large contact angles (θ>>90°) relate to low wettability and low surface 
free energy (Watts 2011; Yuan and Lee 2013). In the case of water, large contact angles 
correspond to a more hydrophobic surface while small contact angles correspond to a more 
hydrophilic surface.  
 
 
Figure 3-15. A figure depicting indicating low wettability (θ>90°) to high wettability (θ<90°). 
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The contact angle of a liquid on an ideal solid can be described by the Young (1805) 
equation, which, at equilibrium, relates the contact angle (θ) to the surface tensions (γ) at the 
liquid-vapor (l), solid-liquid (sl), and solid-vapor (s) interfaces. A visual depiction of the Young 
equation can be seen in Figure 3-16.  
 
cos 𝜃 =
𝛾𝑠 − 𝛾𝑠𝑙
𝛾𝑙
 (3.4)  
 
 
Figure 3-16. A depiction of the Young equation, indicating the surface tensions (γ) at equilibrium 
at the liquid-air (l), solid-liquid (sl), and solid-air (s) interfaces relative to the contact angle (θ).  
 
 Dupré (1869) derived the work of adhesion (W) of two immiscible liquids in contact as a 
function of the surface tension of the respective phases minus the interfacial surface tension. 
Applied to the sessile drop, the work of adhesion of the solid and liquid (Wls) is defined as: 
 
𝑊𝑙𝑠 = 𝛾𝑠 + 𝛾𝑙 − 𝛾𝑠𝑙  (3.5)  
Combining the Young and Dupré equations yields: 
 
𝑊𝑙𝑠 = 𝛾𝑙(1 + cos 𝜃) (3.6)  
The surface energy is function of various molecular interactions, such as van der Waals 
(dispersion) and polar interactions. The theory by van Oss et al. (1988) considers surface energy 
to be a function of Lifshitz-van der Waals (γLW) and polar acid-base (γAB) interactions. The γAB 
component is divided into Lewis acid electron acceptor (γ+) and Lewis base electron donor (γ-) 
components. The work of adhesion Wls proposed by van Oss et al. (1988) is a function of the 
components relative to the liquid (l) and solid (s) phases: 
 
𝑊𝑙𝑠 = 𝛾𝑙(1 + cos 𝜃) = 2√𝛾𝑠
𝐿𝑊𝛾𝑙
𝐿𝑊 + 2√𝛾𝑠
+𝛾𝑙
− + 2√𝛾𝑠
−𝛾𝑙
+ (3.7)  
By Equation 3.7 and using liquids with known values (i.e. known 𝛾𝑙, 𝛾𝑙
𝐿𝑊, 𝛾𝑙
+, 𝛾𝑙
−), the 
measurement of the contact angle for three different liquids on the same solid can be used to then 
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determine the unknown solid components (i.e. 𝛾𝑠
𝐿𝑊, 𝛾𝑠
+, 𝛾𝑠
−)
†††
. For this method, two of the three 
tested liquids need to be polar (van Oss et al. 1988). The total surface free energy of the solid (γs) 
can be determined as the sum of the components (van Oss et al. 1988): 
 
𝛾𝑠 = 𝛾𝑠
𝐿𝑊 + 𝛾𝑠
𝐴𝐵 = 𝛾𝑠
𝐿𝑊 + 2√𝛾𝑠
+𝛾𝑠
− (3.8)  
 In a system of two materials, 1 and 2, the interaction energy between the two materials 
(∆𝐺12) in vacuum is defined as a function of their respective γ
LW
, γ+, and γ- components, similar 
to Equation 3.7: 
 
∆𝐺12 = −2√𝛾1
𝐿𝑊𝛾2
𝐿𝑊 − 2√𝛾1
+𝛾2
− − 2√𝛾1
−𝛾2
+ (3.9)  
The work of adhesion (𝑊12
𝐴
) between the two materials, 1 and 2, is related to Equation 3.9: 
 
𝑊12
𝐴 = −∆𝐺12 = 2√𝛾1
𝐿𝑊𝛾2
𝐿𝑊 + 2√𝛾1
+𝛾2
− + 2√𝛾1
−𝛾2
+ (3.10)  
The total interfacial energy (γi) of the two materials can also be defined, essentially by 
rearranging Equation 3.5: 
 
𝛾𝑖 = 𝛾12 = 𝛾1 + 𝛾2 + ∆𝐺12 (3.11)  
For two materials, 1 and 2, in a liquid, 3, the interactive energy (∆𝐺132) can be defined as: 
 ∆𝐺132 = 𝛾12 − 𝛾13 − 𝛾23 
         = 2 [√𝛾1
𝐿𝑊𝛾3
𝐿𝑊 + √𝛾2
𝐿𝑊𝛾3
𝐿𝑊 − √𝛾1
𝐿𝑊𝛾2
𝐿𝑊 − 𝛾3
𝐿𝑊 + √𝛾3
+(√𝛾1
− + √𝛾2
− − √𝛾3
−)
+ √𝛾3
− (√𝛾1
+ + √𝛾2
+ − √𝛾3
+) − √𝛾1
+𝛾2
− − √𝛾1
−𝛾2
+] 
(3.12)  
A negative value for the associated energy (i.e. a negative value of ∆𝐺12 or ∆𝐺132) is 
indicative of an attractive relationship. By definition, ∆𝐺12 (Equation 3.9) is always negative and 
therefore always attractive. This means that even water is attracted to the most hydrophobic of 
surfaces, which, as argued by van Oss (2006), means that the term “hydrophobic” is easily 
misinterpreted, as water is attracted to most substances. Similarly, a negative value for ∆𝐺132 
(Equation 3.12) indicates that the two materials 1 and 2 are attractive in the presence of water (or 
any liquid 3).  
In solving the linear system of three equations and three unknowns (Equation 3.7), it is 
mathematically possible to obtain a negative value for √𝛾𝑠
𝐿𝑊, √𝛾𝑠
+, and/or √𝛾𝑠−. While the 
                                                 
†††
 This yields a system of three equations with three unknown variables 
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negative value from a square root does not make physical sense, it is a mathematical 
consequence of the theory and uncertainty in the measurements (Morra 2002). Good and van Oss 
(1992) argued that a negative value for √𝛾𝑠
+ or √𝛾𝑠− (which yields a negative value of 𝛾𝑠
𝐴𝐵) is 
allowable, provided that 𝛾𝑠
𝐿𝑊 > 𝛾𝑠
𝐴𝐵, which would still yield a positive total surface free energy. 
However, Good (1993) argued that a negative value for √𝛾𝑠− is relatively uncommon and should 
therefore be dismissed (i.e. zeroed) as an artefact, while a negative value for √𝛾𝑠
+ occurs more 
often and can accepted. Small values of √𝛾𝑠
+ or √𝛾𝑠− – around 0.05 – can be assumed to be zero 
(Good 1993).  
When applied to asphalt, the sessile drop method has been used as a technique to evaluate 
the work of adhesion and/or the contact angle of a given asphalt and aggregate combination 
(Little and Bhasin 2006; Wei and Zhang 2010, 2012a, 2012b; Figueroa et al. 2013; Tan and Guo 
2013; Al-Qadi et al. 2014; Aranowski et al. 2014; Flavien et al. 2014; Guerrero-Barba et al. 
2014; Guo et al. 2014; Khan et al. 2014; Koc and Bulut 2014; Wu et al. 2014). Studies have 
indicated that aged asphalt binder, such as by the rolling thin film oven (RTFO), stirred air flow 
test (SAFT), or pressure aging vessel (PAV) methods, will have a lower or higher total surface 
free energies than virgin asphalt binder (Cheng et al. 2002; Howson et al. 2007; Wasiuddin et al. 
2007; Wei and Zhang 2010)
‡‡‡
. In one sample, Wasiuddin et al. (2007) found that, for a PG70-28 
asphalt, the contact angle with water reduced from 108.1° to 107.9° and 105.4° after RTFO and 
PAV aging, respectively; this suggests that aging reduced the hydrophobicity of the asphalt. 
Conversely, depending on the asphalt source, Wei and Zhang (2010) found that the contact angle 
with water can increase (e.g. 103.9° to 107.1°) or decrease (e.g. 98.6° to 96.6°) after asphalt 
aging, and the total surface free energy after aging was somewhat variable, indicating both 
increases and decreases in total energy
§§§
. For two unmodified asphalt binders, Howson et al. 
(2007) found that the total surface free energy increased after PAV aging but decreased after 
SAFT aging, whereas in two other sources, the total surface free energy decreased after PAV 
aging but was relatively unaffected by SAFT aging. Therefore, from the literature, it can be 
                                                 
‡‡‡
 Note: some of these studies concerned modified asphalt binders and/or the effect of anti-stripping chemical 
agents, which can confound some of the findings.  
§§§
 In one asphalt source, the total surface free energy was found to be 17.0 mJ/m
2
, 16.8 mJ/m
2
, 17.4 mJ/m
2
, 17.8 
mJ/m
2
, and 16.9 mJ/m
2
 after 0, 45, 85, 130, and 175 minutes of RTFO aging.  
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concluded that the surface free energy of asphalt is affected by aging, but the total energy is 
affected by aging type, asphalt source, and the addition of chemicals and modifiers.  
Table 3-16 shows some values reported from the literature of the surface free energy and 
contact angle with water for various hydrophobic and hydrophilic materials. 
Polytetrafluoroethylene (PTFE), commonly known as Teflon
®
, is a relatively hydrophobic 
material with a high contact angle with water and a low surface free energy. Comparatively, 
epoxy can be more hydrophilic, exhibiting a lower contact angle with water and a higher surface 
free energy.  
 
Table 3-16. Surface Free Energy and Contact Angles with Water for Various Materials 
Material 
Total Surface Free 
Energy, 𝛾𝑠 (mJ/m
2
) 
Contact Angle 
with Water 
Paraffin
* 
25.5 110.6° 
Polytetrafluoroethylene (PTFE)
** 
21 112° 
Polyethylene
** 
36 95° 
Polyvinyl chloride
**
 39 83° 
Polypropylene
*** 
30.3 87.5° 
Epoxy
*** 
51.6 54° 
References: 
*Jańczuk et al. (1999); **Dann (1970); ***Occhiello et al. (1991) 
 
The three probe liquids used for the study of the asphalt samples were deionized water, 
glycerol, and diiodomethane, the properties of which can be found in Table 3-17. In the study of 
hydrated cement paste, it was found that water was difficult to measure, so ethylene glycol was 
used instead of water. As suggested by van Oss et al. (1988), two of the probe liquids should be 
polar, which were the deionized water and glycerol for asphalt and ethylene glycol and glycerol 
for cement paste, and one probe liquid should be nonpolar, which was diiodomethane.  
 
Table 3-17. Probe Liquid Properties (in mJ/m
2
) for the Sessile Drop Method 
Probe Liquid Total 𝛾𝑙 𝛾𝑙
𝐿𝑊 𝛾𝑙
+ 𝛾𝑙
− 
Water 72.8 21.8 25.5 25.5 
Diiodomethane 50.8 50.8 0.0 0.0 
Glycerol  64.0 34.0 3.92 57.4 
Ethylene glycol 48.0 29.0 30.1 3.0 
Reference: van Oss (2006) 
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The sessile drop experiments and analyses were performed using a Kyowa DM-701, in 
which a microsyringe is used to dispense droplets of liquid on the sample and a charge-coupled 
device (CCD) takes a photo (Figure 3-17). Software (Kyowa FAMAS) is then used to compute 
the contact angle from the image. The rapid image capture allows for analysis of the contact very 
shortly after the drop is placed, which is critical for samples like hydrated cement paste that will 
absorb the liquid over time. The dispensed liquids were around 12.5-13 μL for water, 13-13.5 μL 
for glycerol, 11-11.5 μL for ethylene glycol, and 1.5-2 μL for diiodomethane. An example of the 
contact angle measurement is shown in Figure 3-18.  
The asphalt binder samples were prepared in a removable aluminum mold using a 
method that was developed previously by Al-Qadi et al. (2014). The asphalt was heated to 135°C 
and then poured into the mold (Figure 3-19). The aluminum components had been previously 
sprayed with a debonding agent. For the chemical oxidations, the asphalt was carefully removed 
from the aluminum substrate and then placed in the chemical solution. The surface that was to be 
tested never came in contact with the debonding agent and was never touched during the removal 
process; therefore, the only affects to the tested surface were because of the treatment.  
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Figure 3-17. Setup of the sessile drop equipment.  
 
 
Figure 3-18. Example of a measurement of the contact angle on asphalt. 
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Figure 3-19. Preparation of the asphalt samples for sessile drop experiments.  
 
To confirm the repeatability of the test method, three samples of virgin PG64-22 asphalt 
binder were tested. A total of five contact angles were measured per liquid per sample. As can be 
seen in Table 3-18, the results are highly repeatable between multiple samples. In addition, the 
surface free energy components are relatively comparable between replicate samples (Table 
3-19). It should be noted that the surface free energy components for the virgin asphalt were 
similar to values reported in the literature: Asphalt has total surface free energy values on the 
order of 15 to 45 mJ/m
2
, with the γLW component contributing the most to the total energy and 
the acid-base components (γ+, γ-) contributing, as an absolute value, on the order of 0 to 3 mJ/m2 
(Little and Bhasin 2006). Therefore, based on the repeatability between three replicate tests, it 
was concluded that subsequent tests would only require one sample.  
 
Table 3-18. Average Contact Angles for Three Samples of Virgin PG64-22 Asphalt Binder 
Probe Liquid  
Contact Angle (degrees)* 
Sample 1 Sample 2 Sample 3 
Water 90.9 ± 0.5 91.0 ± 0.1 91.0 ± 0.3 
Glycerol 89.7 ± 0.4 91.1 ± 0.4 89.6 ± 0.4 
Diiodomethane 57.5 ± 1.5 56.3 ± 0.5 60.4 ± 0.7 
*Data shown as average plus/minus one standard deviation 
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Table 3-19. Surface Free Energy (in mJ/m
2
) for Three Samples of Virgin PG64-22 Asphalt 
Binder 
Test No. Total 𝛾𝑠 𝛾𝑠
𝐿𝑊 𝛾𝑠
𝐴𝐵 √𝛾𝑠
+ √𝛾𝑠
− 
Sample 1 26.3 30.0 -3.7 -0.7 2.7 
Sample 2 25.9 30.7 -4.8 -0.9 2.8 
Sample 3  25.3 28.3 -3.0 -0.6 2.7 
Average 25.7 29.7 -4.0 -0.7 2.7 
 
The asphalt samples were prepared as previously described and treated for 15 minutes 
with the treatments listed in Table 3-20. The contact angles for deionized water, glycerol, and 
diiodomethane, as the average of at least five measurements, are also listed in Table 3-20. In 
general, the standard deviation of the measured angles were higher than the virgin asphalt binder 
tests, which could be explained by the heterogeneous nature of asphalt and that not all 
compounds in the asphalt will oxidize or otherwise react to the same degree. The contact angle 
with water for all treatments was higher than the virgin asphalt sample, which can be explained 
by the fact that the oxidized asphalt is more polar and therefore more “hydrophobic” than the 
virgin asphalt.  
 
Table 3-20. Average Contact Angles for the Treated Asphalt Binder Samples 
Sample/Treatment 
Contact Angle (degrees)* 
Water Glycerol Diiodomethane 
UV (2 inches, 30 
minutes) 
98.1 ± 0.5 90.5 ± 0.3 55.9 ± 0.7 
1N HCl 102.5 ± 0.8 92.9 ± 0.6 43.0 ± 1.2 
1N HNO3  99.5 ± 1.2 95.6 ± 0.7 51.0 ± 1.1 
1N H2SO4 100.8 ± 0.5 89.4 ± 0.4 48.4 ± 0.3 
1N H3PO4 98.6 ± 0.6 87.9 ± 0.5 48.8 ± 0.5 
1N HF 100.4 ± 0.5 93.0 ± 0.5 51.9 ± 0.5 
Chromic Acid 98.1 ± 0.5 97.2 ± 0.3 50.5 ± 0.3 
1M MAH 99.3 ± 0.2 93.0 ± 0.4 47.2 ± 0.2 
1M H2O2 100.2 ± 0.5 90.1 ± 0.8 47.7 ± 0.4 
1M NaOH 100.7 ± 0.4 91.5 ± 0.3 48.8 ± 0.5 
0.5M KMnO4 99.5 ± 0.4 90.6 ± 0.3 48.5 ± 0.5 
*Data shown as average plus/minus one standard deviation 
 
From the contact angle measurements for the treated asphalt samples, the surface energy 
components were computed, as shown in Table 3-21. Retaining the negative value obtained for 
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√𝛾𝑠
+ – as suggested by Good and van Oss (1992), since the total 𝛾𝑠value is still positive – 
resulting in a negative value for 𝛾𝑠
𝐴𝐵, it can be seen in Table 3-21 that the total surface free 
energy (total 𝛾𝑠 value) increases as a result of the surface treatments. Increases in the total 𝛾𝑠were 
on the order of 9-41% relative to the virgin asphalt binder, with the largest increase being 
because of the treatment with 1N HCl.  
Another argument is that any negative value for √𝛾𝑠
+ or √𝛾𝑠− can be instead assumed to 
be a zero value, which would mean that √𝛾𝑠
+ and therefore 𝛾𝑠
𝐴𝐵 would be zero, which in turn 
would result in 𝛾𝑠 = 𝛾𝑠
𝐿𝑊. For this assumption, it is still evident that there is an increase in 
surface free energy, relative to the virgin asphalt binder, with the various treatments. The 
increases are instead on the order of 4-28%, with the greatest increase being because of the 1N 
HCl treatment.  
 
Table 3-21. Surface Free Energy (in mJ/m
2
) for the Treated Asphalt Binder Samples 
Sample/Treatment Total 𝛾𝑠 𝛾𝑠
𝐿𝑊 𝛾𝑠
𝐴𝐵 √𝛾𝑠
+ √𝛾𝑠
− 
Virgin PG64-22 
Binder* 
25.7 29.7 -4.0 -0.7 2.7 
UV (2 inches, 30 
minutes) 
29.4 30.9 -1.5 -0.5 1.5 
1N HCl 36.2 38.0 -1.8 -1.0 0.9 
1N HNO3  29.7 33.7 -4.0 -1.1 1.8 
1N H2SO4 34.2 35.2 -1.0 -0.5 0.9 
1N H3PO4 33.9 34.9 -1.0 -0.5 1.1 
1N HF 31.0 33.2 -2.2 -0.8 1.4 
Chromic Acid 28.1 34.0 -5.9 -1.4 2.2 
1M MAH 32.8 35.8 -3.0 -1.0 1.5 
1M H2O2 34.1 35.5 -1.4 -0.7 1.1 
1M NaOH 33.3 34.9 -1.7 -0.7 1.1 
0.5M KMnO4 33.3 35.1 -1.8 -0.7 1.2 
*Average from Table 3-19 
 
A hydrated cement paste with a water-to-cement ratio of 0.4 was prepared for analysis 
with the sessile drop setup. The sample was cast against a plain, clean aluminum surface (i.e. no 
release agent was used) and vibrated. The sample was demolded after 6 hours to be tested. An 
early-age sample was tested to evaluate the potential for bonding with young paste. Deionized 
 176 
 
 
water, glycerol, ethylene glycol, and diiodomethane were used as probe liquids (Table 3-22). 
Water was found to be difficult to measure, as it was absorbed quickly into the paste surface. 
Therefore, glycerol, ethylene glycol, and diiodomethane were used to compute the surface free 
energy of the cement paste (Table 3-23). The cement paste was found to have a higher basic 
component (√𝛾𝑠
−) and nonpolar component (𝛾𝑠
𝐿𝑊) than virgin and treated asphalt samples. The 
surface free energy of cement paste is similar to what is reported in the literature
****
.  
 
Table 3-22. Average Contact Angles for the Hydrated Cement Paste Sample 
Sample/Treatment 
Contact Angle (degrees)* 
Water Glycerol Diiodomethane Ethylene Glycol 
Hydrated Cement 
Paste 
25.0 ± 1.4 67.3 ± 1.4 38.1 ± 1.5 46.4 ± 1.0 
*Data shown as average plus/minus one standard deviation 
 
Table 3-23. Surface Free Energy (in mJ/m
2
) for the Hydrated Cement Paste Sample 
Sample Total 𝛾𝑠 𝛾𝑠
𝐿𝑊 𝛾𝑠
𝐴𝐵 √𝛾𝑠
+ √𝛾𝑠
− 
Hydrated Cement 
Paste 
40.9 40.6 0.3 0.05 3.5 
 
From Equations 3.9, 3.11, and 3.12, the interactive and interfacial energies between 
cement and asphalt based on the energy components derived from the sessile drop experiments. 
The interactive energy of adhesion (∆𝐺12) was found to increase up to 11%, while the interfacial 
energy increased by as much as 210%, as shown in Table 3-24. The largest increase in the work 
of adhesion was for the asphalt treated with H2SO4 while the greatest increase in interfacial 
energy was for the asphalt treated with HCl. In the presence of water, the interactive energy 
(∆𝐺132) was increased by as much as 7.8% for the treated asphalt with the greatest treatment 
increases from chromic acid, HCl, and MAH. This supports the hypothesis that there is a greater 
affinity for bonding between the cement and asphalt when the asphalt has been treated.  
The energy of cohesion (in vacuum), ∆𝐺11, defined as the energy required to create two 
new surfaces, or twice 𝛾𝑠, for the virgin asphalt binder is -51.4 mJ/m
2
. In the presence of water, 
                                                 
****
 Using the thin layer wicking method, Tasci and Yilmaz (2013) found values of 32.1 mJ/m
2
, 2.4 mJ/m
2
, 6.3 
mJ/m
2
, and 7.8 mJ/m
2
 for 𝛾𝑠
𝐿𝑊, 𝛾𝑠
+, 𝛾𝑠
−, and 𝛾𝑠
𝐴𝐵, respectively, studying a cement slurry that had been cured for 18 
hours and then dried for two hours; this indicates a total surface free energy of 39.9 mJ/m
2
. At later ages, total 
surface free energy values have been reported on the order of 50-60 mJ/m
2
 (Benzarti et al. 2006; Pakravan et al. 
2014). 
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this energy of cohesion (∆𝐺131) for virgin asphalt is -55.3 mJ/m
2
. Thus, with hydrated cement, 
the energy of adhesion (-64.8 mJ/m
2
) is greater than the asphalt energy of cohesion (-51.4 
mJ/m
2
) in vacuum, which suggests that failures do not occur at the interface between the cement 
and asphalt, but rather through the asphalt film. This has been seen empirically when examining 
the fracture surfaces after strength tests of concrete with FRAP (e.g. see the fracture surface in 
Figure 3-20). However, in the presence of water, the cohesive energy of the asphalt (-55.3 
mJ/m
2
) is greater than the asphalt-cement interactive energy (-44.5 mJ/m
2
), which is why 
interfacial testing of asphalt-aggregate interfaces can result in an adhesive failure when saturated 
(Kanitpong and Bahia 2003; Blackman et al. 2013; Cui et al. 2014).  
 
Table 3-24. Work of Adhesion and Interfacial Energy (in mJ/m
2
) between the Hydrated Cement 
Paste and the Treated Asphalt 
Sample/Treatment 
Interactive 
Energy (∆𝐺12) 
Interfacial 
Energy (𝛾𝑖) 
Interactive Energy 
in Water (∆𝐺132) 
Virgin PG64-22 Binder -64.8 1.76 -44.5 
UV (2 inches, 30 minutes) -67.5 2.80 -44.1 
1N HCl -71.7 5.41 -47.7 
1N HNO3  -66.5 4.09 -46.9 
1N H2SO4 -72.2 2.90 -45.3 
1N H3PO4 -71.9 2.90 -45.2 
1N HF -68.0 3.90 -45.7 
Chromic Acid -64.8 4.19 -47.9 
1M MAH -69.4 4.26 -47.1 
1M H2O2 -71.2 3.84 -46.0 
1M NaOH -70.5 3.68 -45.9 
0.5M KMnO4 -70.7 3.46 -45.9 
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Figure 3-20. Split tension fracture surface of a ternary blend (portland cement, GGBFS, and fly 
ash) concrete with 50% coarse FRAP. Source: Brand et al. (2012) 
 
As a comparison to asphalt-cement bond, the bonding condition between dolomite 
aggregate and cement or asphalt was also considered in order to compare the relative strengths 
and weaknesses. Using the same testing configuration that was utilized in this study, Al-Qadi et 
al. (2014) found values of 45.6 mJ/m
2
, 2.7 mJ/m
2
, and 39.2 mJ/m
2
 for 𝛾𝑠
𝐿𝑊, 𝛾𝑠
+, and 𝛾𝑠
−, 
respectively, for dolomite (total 𝛾𝑠 of 66.1 mJ/m
2
). Using these values for surface energy of 
dolomite, the interactive and interfacial energies can be determined between dolomite and 
hydrated cement paste or treated asphalt (Table 3-25). The dolomite aggregate was found to have 
a very strong interactive energy with the cement paste relative to the asphalt interactive energy. 
This is to be expected, as asphalt-aggregate mixtures are more moisture susceptible that cement-
aggregate mixtures (i.e. moisture stripping of asphalt). Relative to the cement-asphalt bonding 
condition (Table 3-24), the ∆𝐺12 dolomite-asphalt bond is similar in magnitude, although it is 
evident that the interfacial energy is significantly greater for the dolomite-asphalt bond (~20-25 
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mJ/m
2
) relative to the cement asphalt bond (~2-5 mJ/m
2
). In addition the dolomite-cement 
interfacial energy (9 mJ/m
2
) is greater than the asphalt-cement interfacial energy (~2 mJ/m
2
), 
which further explains why concrete with dolomite aggregates performs better than concrete with 
FRAP aggregates.  
 
Table 3-25. Work of Adhesion and Interfacial Energy (in mJ/m
2
) between Dolomite and Treated 
Asphalt or Hydrated Cement Paste  
Sample/Treatment 
Interactive 
Energy (∆𝐺12) 
Interfacial 
Energy (𝛾𝑖) 
Interactive Energy 
in Water (∆𝐺132) 
Virgin PG64-22 Binder -73.7 18.13 -5.4 
UV (2 inches, 30 minutes) -73.8 21.80 -2.4 
1N HCl -73.7 28.64 -1.8 
1N HNO3  -70.6 25.29 -3.0 
1N H2SO4 -76.8 23.52 -2.0 
1N H3PO4 -77.1 22.90 -2.6 
1N HF -72.4 24.74 -2.2 
Chromic Acid -68.5 25.78 -3.7 
1M MAH -73.2 25.72 -3.0 
1M H2O2 -75.3 24.92 -2.3 
1M NaOH -74.6 24.80 -2.1 
0.5M KMnO4 -75.2 24.25 -2.5 
Hydrated Cement Paste -98.0 9.06 -13.5 
 
3.4.3 Interface Testing  
Interface testing of bond strength has been conducted using a number of different test 
setups, including beams, split tension, uniaxial tension, and wedge split (van Mier 1997). While 
a number of studies have investigated bonding in concrete, there is an issue of comparability 
given that different investigations have all considered different variables that would ultimate 
change the results and conclusions (i.e. rough vs. smooth interface surfaces, type of aggregate 
used, how the specimen was prepared, etc.) (Mindess 1995). In this section, the flexural beam 
test was selected to test the properties of the asphalt-mortar interface. 
Beam geometries under flexure have been used in a number of studies to evaluate the 
bond properties of cementitious materials (Figure 3-21). Lee et al. (1992), Büyüköztürk and Lee 
(1993), and Trende and Büyüköztürk (1998) used a notched beam under four-point bending to 
evaluate the fracture properties of the bond between mortar and aggregate, while Wong et al. 
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(1999) performed a similar test setup under three-point bending. Hassanzadeh (1995) also 
evaluated the fracture properties of the mortar-aggregate bond under three-point bending, but 
instead cast mortar against a large section of rock. Zhang et al. (2013) examined the fracture 
properties of polymer-modified concrete bonded to concrete using a three-point bend setup.  
 
  
 
(a) 
 
(b) 
 
(c) 
 
(d) 
(e) 
 
(f) 
Figure 3-21. Various beam geometries in the literature for evaluating the bond properties of 
cementitious materials: (a) Hassanzadeh (1995), (b) Wong et al. (1999), (c) Lee et al. (1992) and 
Büyüköztürk and Lee (1993), (d) Trende and Büyüköztürk (1998), (e) Trende and Büyüköztürk 
(1998) mixed mode, and (f) Zhang et al. (2013). 
 
In a three-point bending interface test, the bond strength of the interface can be computed 
based on the flexural strength equation, modified to account for the notch depth and the self-
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weight of the beam (Zhang et al. 2013). The nominal flexural bond strength (ffb) is determined 
based on the peak load (Pmax), the mass of the beam (m), gravitational acceleration (g, 9.81 m/s
2
), 
the span length (l), the beam width (b), the beam depth (d), and the notch depth (a0): 
 
𝑓𝑓𝑏 =
3
2
(𝑃𝑚𝑎𝑥 +
𝑚𝑔
2⁄ )𝑙
𝑏(𝑑 − 𝑎0)2
 (3.13)  
Dimensions and the setup for the flexural interfacial bond test beam are shown in Figure 3-22. 
To ensure that a sharp notch (i.e. pre-crack) is present at the interface, a debonding layer can be 
placed prior to casting. Lee et al. (1992) and Büyüköztürk and Lee (1993) attached a thin (0.1 
mm) plastic layer to the aggregate using paraffin. Similarly, for this test, a thin strip of 
polytetrafluoroethylene (PTFE) tape was applied to the asphalt layer. The PTFE tape was 12.7 
mm wide and about 0.09 mm thick.  
 
 
Figure 3-22. Flexural bond strength test setup and dimensions.  
 
To create the flexural bond interface specimens, mortar substrates were prepared by 
casting an 8-inch long beam and then sawing it in half. The asphalt and mortar substrate were 
heated to 135°C, at which point the liquid asphalt was painted on the hot substrate with a 2-inch 
wide foam brush. Approximately 1.0 grams of asphalt was applied, which equates to an asphalt 
interface thickness of about 0.4 mm (Figure 3-23a). Once coated, the specimens were placed 
briefly in the oven to allow any irregularities in the asphalt surface to smoothen out. Once 
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cooled, the PTFE tape was applied to the asphalt (Figure 3-23b) to act as a debonding agent and 
notch for the cement paste
††††
 that was then cast against the interface.  
 
 
(a) 
 
(b) 
Figure 3-23. The specimen after allowing the asphalt layer to cool to room temperature (a) and 
application of PTFE tape to act as a notch (b). 
 
3.4.3.1 Dry Condition Testing 
The cement paste that was cast against the asphalt interface consisted of a Type I portland 
cement with a 0.45 water-to-cement ratio. When cementitious materials (i.e. fly ash, GGBFS, 
silica fume) were used, the cement was replaced by volume. Initially, the specimens were cast, 
covered and cured for 24 hours at ambient laboratory conditions, demolded, sealed, and cured at 
24°C until testing at an age of 7 days. The sealed condition was originally selected to avoid any 
potential debonding or stripping issues that could occur in a moist condition.  
Table 3-26 summarizes the interfacial bond strengths measured for each sample. Two 
asphalt thicknesses were tested with plain cement paste, but the interfacial bond strengths were 
found to be very similar and not statistically different (p-value of 0.616). Therefore, since the 
~0.4 μm coating was found to result in a visibly smoother surface (Figure 3-23), this thickness 
was used for all subsequent bond tests.  
                                                 
††††
 Plain cement paste was cast against the asphalt interface rather than a cement mortar in order to examine purely 
the cement-asphalt bond.  
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For the bond tests with cementitious additives (i.e. silica fume, GGBFS) and with treated 
asphalt (i.e. HCl, HNO3, chromic acid, H2SO4, H3PO4, and NaOH), the computed bond strength 
was not very different from the control, as shown by the results in Table 3-26. Ultimately, as 
predicted by the surface energy testing, all specimens resulted in cohesive failures in the asphalt 
layer, as shown in Figure 3-24. Therefore, it can be expected that the computed bond strength in 
Table 3-26 would not be very different, since the test essentially measures a cohesive bond 
strength of the asphalt and not an adhesive bond strength of the interface. 
 
Table 3-26. Interfacial Bond Strength for Sealed Specimens Cured at 24°C 
Asphalt 
Binder 
Sample* 
Average Interfacial 
Bond Strength (psi) 
Standard 
Deviation (psi) 
Number of 
Samples 
Unmodified 
Asphalt 
Plain Cement 182.3 8.6 8 
Plain Cement** 180.1 13.0 4 
30% GGBFS 128.5 9.7 4 
10% Silica Fume 167.8 31.7 4 
Treated 
Asphalt 
HCl 145.1 71.4 2 
HNO3 123.6 11.4 3 
Chromic Acid 187.5 33.9 2 
H2SO4 150.8 61.6 3 
H3PO4 189.5 19.1 2 
NaOH 193.6 61.2 2 
*All samples had an asphalt coating thickness of ~0.4 μm, unless otherwise noted 
**A thinner asphalt coating was applied at ~0.2 μm 
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Figure 3-24. Interfacial bond strength specimens (sealed and cured at 24°C) after failure. 
 
3.4.3.2 Wet and Mixed Condition Testing 
The surface energy tests suggested that an adhesive failure will dominate over a cohesive 
failure when in the presence of water (see Table 3-24, shown previously). Therefore, an 
additional experiment was performed in which the control specimens were cast as described 
previously (except that a 0.5 water-to-cement ratio was used), demolded after 24 hours, and 
stored in deionized water at 24°C until testing at an age of 7 days. The specimens were not 
allowed to dry prior to testing. At an age of 7 days, the specimens still yielded a cohesive failure. 
In an attempt to force an adhesive failure over a cohesive failure, some additional saturated 
samples were cooled in water to 0°C and -15°C; these too yielded cohesive failures. Table 3-27 
shows the average interfacial bond strengths that were obtained. It appears that the 24°C 
saturated condition lowered the cohesive strength of the asphalt. Cooling the specimens 
increased the cohesive strength of the asphalt, which can be expected as the stiffness of asphalt 
increases with decreasing temperature. However, none of these conditions were sufficient to 
yield an adhesive failure at the asphalt-cement interface.  
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Table 3-27. Interfacial Bond Strength for Saturated Specimens Cured in Water 
Sample 
Average Interfacial 
Bond Strength (psi) 
Standard 
Deviation (psi) 
Number of 
Samples 
Control (Tested in a Saturated 
Condition at 24°C) 
92.8 11.3 2 
Control (Tested in a Saturated 
Condition at 0°C) 
415.2 26.7 2 
Control (Tested in a Saturated 
Condition at -15°C) 
429.3 -- 1 
 
One final set of experiments was devised to attempt to force an adhesive failure (Table 
3-28). A higher water-to-cement ratio of 0.55 was utilized to create a number of control 
specimens, which were again cured in deionized water at 24°C but were tested at different ages 
to see if the early-age or late-age saturation times could yield adhesive failures. The first 
specimens were tested immediately after demolding after 24 hours of curing. Additional samples 
were allowed to cure submerged in water or allowed to dry at 50% relative humidity (RH). 
Ultimately, all samples failed under asphalt cohesion rather than the desired asphalt-cement 
adhesion or ITZ cohesion failure.  
 
Table 3-28. Interfacial Bond Strength for Saturated and Dry Specimens Tested at Various Ages 
Sample 
Average Interfacial 
Bond Strength (psi) 
Standard 
Deviation (psi) 
Number of 
Samples 
Control (Tested After 24 
Hours of Curing) 
133.2 1.3 2 
Control (24 Hours Curing 
followed by 24 Hours 
Submerged in Water) 
86.0 21.9 2 
Control (24 Hours Curing 
followed by 24 Hours 
Drying at 50% RH) 
138.9 11.6 2 
Control (24 Hours Curing 
followed by 13 days 
Submerged in Water) 
87.1 11.2 2 
Control (24 Hours Curing 
followed by 13 Days Drying 
at 50% RH) 
76.6 37.4 2 
 
3.4.3.3 Discussion of the Interfacial Bond Test Viability 
In a review of the literature, cement-asphalt and aggregate-asphalt bond tests often fail in 
asphalt cohesion or sometimes a mixed cohesion-adhesion (Canestrari et al. 2010; Moraes et al. 
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2011; Howson et al. 2012). Some studies have been able to create favorable conditions for a 
mineral aggregate-asphalt adhesion failure to consistently occur
‡‡‡‡
 (Kanitpong and Bahia 2003; 
Blackman et al. 2013; Cui et al. 2014), thus concluding that it difficult to force an adhesion 
failure to occur with asphalt. Studies suggest that the aggregate-asphalt bond strength is highly 
dependent on the aggregate type and the duration of conditioning in water (Apeagyei et al. 
2014). As a result, this bond test was considered to be unviable and other testing was performed 
instead.  
Given that the cement continues to hydrate and gain strength over time, it is possible that 
an adhesive failure is not likely. The hydrated cement paste surface energy was measured at an 
early age in this study and the total surface free energy is reported to increase at later ages 
(Benzarti et al. 2006; Pakravan et al. 2014), at least to magnitudes greater than what was 
measured in this study, which suggests that perhaps at later ages the asphalt cohesive failure will 
dominate.  
 
3.5 EFFECT OF BOND IMPROVEMENT TREATMENTS ON THE ITZ  
The methodologies of the ITZ investigation were continued from Chapter 2. Following 
the same sample preparations, mortar was cast with a 0.42 water-to-cement ratio using treated 
FRAP. The “dirty” FRAP was utilized in this ITZ study, so the ITZ results from the dirty FRAP 
as well as the virgin dolomite mortars will be considered the controls for comparison. 
Considering the treatments that yielded the highest interfacial energies from Table 3-25, the ITZ 
of FRAP mortar treated with 1 N HCl, 1 N HNO3, chromic acid (1 N HNO3 with 10% CrO3 by 
weight), and 1 M MAH were studied.  
To prepare the treated FRAP, the material was washed over a #4 (4.75 mm) sieve to 
remove dust and fines and then dried at 50% relative humidity and 23°C. The dried FRAP was 
treated with the given chemical by machine mixing for 15 minutes, rinsed with water, and then 
dried at 50% relative humidity and 23°C for at least 24 hours prior to making the mortar. The 
mortar was covered and cured for 24 hours at ambient laboratory conditions before being moved 
to lime-saturated water at 23°C until testing.  
                                                 
‡‡‡‡
 It appears, however, that the sample needs to be soaked in water to created conditions favorable to an adhesion 
failure. 
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The ITZ behaviors for the treated FRAP mortars at 7 days can be found in Figure 3-25 
(HCl-treated), Figure 3-26 (HNO3-treated), Figure 3-27 (chromic acid-treated), and Figure 3-28 
(MAH-treated). The ITZ trends are then compared to the dolomite (control) and dirty FRAP 
properties from Chapter 2 in Figure 3-29 and Figure 3-30. The trends for treated and untreated 
FRAP are very similar (i.e. similar porosity, UH, and C-S-H trends), suggesting that the bond 
improvements are limited only to the actual asphalt-cement bond and do not have an influence 
on the ITZ properties and characteristics.  
The CH morphology appears to be somewhat different between the treated and untreated 
FRAP mortars, as evidenced by the slightly smaller mean CH particle sizes for mortar with 
treated FRAP (Table 3-29), although the FRAP mortars appear to have a particle size distribution 
with more smaller-sized particles relative to the dolomite mortar (Figure 3-31). From the data 
presented in Chapter 2, it was argued that the mortars with and without FRAP aggregates had 
similar amounts (numbers) of CH particles in the ITZ, but that the CH particles, on average, 
were smaller in the presence of asphalt. The 7-day mean particle size at the interface (within 1 
μm) are 4.4 μm (dolomite), 4.1 μm (dirty FRAP), 4.4 μm (HCl-treated FRAP), 4.0 μm (HNO3-
treated FRAP), 4.0 μm (chromic acid-treated FRAP), and 3.9 μm (MAH-treated FRAP). Since 
these chemical treatments, particularly chromic acid and MAH, were found to increase the 
content of carbonyl and sulfoxide functional groups (see Figure 3-13, shown previously) and 
since there is evidence in the literature to suggest that calcium hydroxide will react or associate 
with certain molecules or functional groups in the asphalt (Plancher et al. 1976; Robertson 1991; 
Branthaver et al. 1993; Johansson et al. 1995), it is possible that the CH is reacting with the 
additional carbonyl and/or sulfoxide groups that were formed from the chemical treatments, 
resulting in smaller mean CH particle sizes (Table 3-29) and less CH near the interface (Figure 
3-29). 
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Figure 3-25. Detectable porosity, UH, and CH in the ITZ at 7 days for mortar with HCl-treated 
FRAP.  
 
 
Figure 3-26. Detectable porosity, UH, and CH in the ITZ at 7 days for mortar with HNO3-treated 
FRAP. 
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Figure 3-27. Detectable porosity, UH, and CH in the ITZ at 7 days for mortar with chromic acid-
treated FRAP. 
 
 
Figure 3-28. Detectable porosity, UH, and CH in the ITZ at 7 days for mortar with MAH-treated 
FRAP. 
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(a) 
 
(b) 
 
(c) 
Figure 3-29. Average detectable porosity (a), UH (b), and CH (c) in the ITZ at 7 days for treated 
mortars compared to untreated mortars. 
0%
10%
20%
30%
40%
50%
60%
70%
0 10 20 30 40 50 60 70 80 90 100
A
ve
ra
ge
 D
e
te
ct
ab
le
 P
o
ro
si
ty
 
Distance from the Aggregate Interface (μm) 
0%
5%
10%
15%
20%
25%
0 10 20 30 40 50 60 70 80 90 100
A
ve
ra
ge
 U
n
h
yd
ra
te
d
 C
e
m
e
n
t 
Distance from the Aggregate Interface (μm) 
0%
5%
10%
15%
20%
0 10 20 30 40 50 60 70 80 90 100
A
ve
ra
ge
 D
e
te
ct
ab
le
 C
H
 
Distance from the Aggregate Interface (μm) 
Dolomite Dirty FRAP HCl Treated
HNO3 Treated Chromic Acid Treated MAH Treated
 191 
 
 
 
Figure 3-30. Average estimated C-S-H in the ITZ at 7 days for treated mortars compared to 
untreated mortars. 
 
Table 3-29. Mean and Range of CH Particle Sizes within 100 μm of the Aggregate Interface 
Mix 
Age 
(days) 
Mean CH Particle 
Size (μm) 
Dolomite Mortar* 7 4.74 
Dirty FRAP Mortar* 7 4.63 
HCl-Treated FRAP 7 4.64 
HNO3-Treated FRAP Mortar 7 4.28 
Chromic Acid-Treated FRAP Mortar 7 4.36 
MAH-Treated FRAP Mortar  7 4.16 
Clean FRAP Mortar* 7 4.54 
Dirty FRAP with Silica Fume Mortar* 7 4.28 
SFS FRAP Mortar* 7 4.37 
*Results from Chapter 2 
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(a) 
 
(b) 
Figure 3-31. CH particle size distributions for treated and untreated FRAP mortars relative to the 
dolomite (control) mortar (a), with a detailed section of the smaller particle sizes (b).  
 
3.6 DISCUSSION OF FINDINGS  
The microstructural findings from the treatment methods, as measured by surface free 
energy, asphalt oxidation functional group analysis, and ITZ composition, can be linked to the 
behavior of the concrete bulk properties. Considering that the ITZ is the “weak link” in concrete 
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failure
§§§§, Chapter 2 investigated the porosity and CH causes for “weak link” failure while this 
chapter investigated the cement-asphalt bond and interface causes for “weak link” failure. 
Combining the findings from Chapter 2 and this chapter, the reductions in strength and modulus 
seen in concrete with RAP aggregates is likely because of two reasons:  
(1) Higher porosity in the ITZ. The larger ITZ and higher porosity content in the ITZ will 
largely affect the bulk concrete modulus, as is further discussed in Chapter 4. The higher 
porosity also allows for easier crack initiation, which will affect the bulk concrete 
strength. 
(2) Asphalt cohesion failure. Based on surface free energy measurements and visual 
inspections of concrete fracture surface, the primary failure mode is asphalt cohesion 
rather than an adhesive failure of the cement-asphalt interface or a cohesive failure of the 
ITZ. As cracking propagates through the path of least resistance, the asphalt cohesion 
failure affects (reduces) the bulk concrete strength. 
This study demonstrated that improvements to the chemical cement-asphalt bond can be 
possible, but at the present time, chemical bonding improvements between cement paste and 
asphalt will not impact the bulk concrete strength since an asphalt cohesive failure will still 
dominate. Therefore, to improve the strength of concrete with RAP aggregates, an asphalt-
cement adhesive (or cohesive ITZ) failure must occur, which means that the asphalt on the FRAP 
particle needs to have a higher cohesive energy.  
 
3.7 CONCLUSIONS  
A number of experiments were conducted to investigate the fundamental nature of 
bonding between asphalt and portland cement paste, which has not been examined thoroughly in 
the literature. Chemical oxidation was found to be successful in altering the surface chemistry of 
the asphalt, which was discovered to be capable of increasing the interfacial bonding energy 
between cement paste and asphalt but was not found to affect the interfacial transition zone (ITZ) 
properties.  
                                                 
§§§§
 Bentur and Odler (1996) and Maso (1980) presented a number of potential reasons why the ITZ is a “weak 
link”, including: (1) the larger porosity in the ITZ, (2) the larger CH crystals and the preferential orientation of the 
large crystals in the ITZ, both of which allow for easier crack propagation, and (3) the actual interface between the 
aggregate and the ITZ, which can be weak. 
 194 
 
 
The chemical treatments were found to oxidize the asphalt, as evidenced by increased 
carbonyl (C=O) and sulfoxide (S=O) spectroscopic indexes measured by Fourier transform 
infrared spectroscopy. The resonant frequency dynamic modulus of mortar with treated FRAP 
was statistically higher than mortar with untreated FRAP, which suggested a bond improvement 
condition since the small strains induced in the resonant frequency test can be linked to the ITZ. 
However, backscattered electron microscopy investigations of the ITZ found that the porosity 
and unhydrated cement contents and distributions were not different between mortars with and 
without the treated FRAP, concluding that this improvement is tied only to the cement-asphalt 
interfacial bond. The mean calcium hydroxide (CH) particle size was found to be smaller, 
particularly near the interface, for mortar with treated FRAP relative to mortar with dolomite, 
which suggests that the functional groups – particularly the carbonyl groups, as suggested in the 
literature – are reacting or associating with the CH, thereby reducing the mean particle size, 
especially near the asphalt interface.  
Surface free energy measurements were conducted using the sessile drop technique and 
the van Oss-Chaudhury-Good theory, which indicated that the chemical treatments increased the 
surface free energy of the asphalt, suggesting potential for improved bonding with cement paste. 
In addition, the chemical treatments of the asphalt increased the interfacial bond energy between 
asphalt and cement by up to 210%.  
Based on the surface free energy measurements, the work of cohesion of the asphalt was 
about 25% less than the work of adhesion between asphalt and cement paste, suggesting that 
asphalt cohesion is the dominant failure mode. This was also proven experimentally in a test of 
the physical interfacial strength of the asphalt-cement bond, which only yielded cohesive failures 
of the asphalt and not adhesive failures at the asphalt-cement interface. This also explains why 
fracture surfaces of concrete with asphalt-coated particles typically fail with cracks propagating 
through the asphalt film surrounding the aggregate.  
The asphalt cohesion dominant failure mode is linked to the reduction in concrete bulk 
strength when FRAP is used as a coarse aggregate. Any improvement to the overall concrete 
bulk strength would therefore require that an asphalt-cement adhesive (or cohesive ITZ) failure 
must occur. 
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CHAPTER 4 MODELING CONCRETE WITH ASPHALT-COATED 
PARTICLES  
 
The most basic concrete models assume a simple two-phase composite, consisting of 
aggregates suspended in a cementitious matrix. These two-phase concrete models include the 
Voigt, Reuss, Hirsch, Counto, and Hashin-Shtrikman models, as summarized in Mindess et al. 
(2003). However, knowing that the interfacial transition zone (ITZ) has different properties 
relative to the bulk matrix, three-phase models have been used to characterize the elastic 
properties of concrete by considering the ITZ as the third phase (e.g., Nilsen and Monteiro 1993, 
Simeonov and Ahmad 1995). Ultimately, concrete with reclaimed asphalt pavement (RAP), or 
fractionated RAP (FRAP), introduces a fourth phase consideration, which is the asphalt film 
present on the aggregate. This chapter will examine various multi-phase models for their 
appropriate application to concrete with asphalt-coated particles. It is important to identify a 
model that is capable of predicting the bulk concrete properties in order to avoid costly and time 
consuming laboratory experiments on every RAP stockpile and source.  
 
4.1 LCPC MODEL OF CONCRETE WITH RAP 
The model by Mathias et al. (2009) applies a virgin aggregate concrete mix design 
approach, previously developed in France by the Laboratoire Central des Ponts et Chaussées 
(LCPC), to concrete with RAP. In the LCPC model, the aggregate concentration (g) and 
aggregate packing density (g*) are used in a triple sphere model, where it is assumed that, for a 
workable concrete, g < g*, and that the cement paste will fill the voids between the aggregates 
and also forms a matrix for workability (Figure 4-1).  
 
 
Figure 4-1. LCPC triple sphere model formulation assuming that g < g*.   
Source: Mathias et al. (2009) 
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In the LCPC model, the cement matrix compressive strength (fcm) is assumed to be a 
function of cement strength at 28 days (R28), the volume of air (va), the volume of cement (vc), 
the volume of water (vw), the volume of asphalt bitumen (vb), two correction factors (β and β’), 
and the maximum paste thickness (MPT): 
 
𝑓𝑐𝑚 = 13.4𝑅28 (
𝑣𝑐
𝑣𝑐 + 𝑣𝑤 + 𝛽𝑣𝑎 + 𝛽′𝑣𝑏
)
2.85 1
𝑀𝑃𝑇0.13
 (4-1)  
The maximum paste thickness (MPT) is a function of g, g*, and the maximum aggregate size 
(Dmax): 
 
𝑀𝑃𝑇 = 𝐷𝑚𝑎𝑥 [(
𝑔∗
𝑔
)
1/3
− 1] (4-2)  
The concrete compressive (fc) and split tensile (ft) strengths are related to the cement matrix 
compressive strength (fcm) and various parameters (p, q, kt): 
 
𝑓𝑐 =
𝑝𝑓𝑐𝑚
𝑞𝑓𝑐𝑚 + 1
 (4-3)  
 
𝑓𝑡 = 𝑘𝑡𝑓𝑐
0.57
 (4-4)  
The concrete modulus (E), based on the triple sphere model and assuming Poisson ratios of 0.2, 
is a function of g, g*, the matrix modulus (Em), and the aggregate modulus (Eg). The matrix 
modulus is a function of the concrete compressive strength.  
 
𝐸 = (1 + 2𝑔
𝐸𝑔
2 − 𝐸𝑚
2
(𝑔∗ − 𝑔)𝐸𝑔
2 + 2(2 − 𝑔∗)𝐸𝑔𝐸𝑚 + (𝑔∗ + 𝑔)𝐸𝑚
2)𝐸𝑚 (4-5)  
 𝐸𝑚 = 226𝑓𝑐 (4-6)  
Based on the concrete mix designs from previous work with FRAP (Brand et al. 2012; 
Brand and Roesler 2015), the LCPC model-derived input parameters are summarized in Table 
4-1. The asphalt binder volume was determined based on the FRAP aggregate volume and 
specific gravity and the asphalt content (2.1% by weight).  
The other input parameters were assumed or cited. Mathias et al. (2009) assumed that β = 
0.5 and β’ = 1.34 at 20°C. It was assumed that the cement strength at 28 days was 45 MPa. The 
coarse and fine aggregate volume for the mixes was 0.666, it was assumed that g = 0.666, and it 
was assumed that g* = 0.7.  
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Table 4-1. Input Parameters based on Mix Designs from Brand et al. (2012) 
Parameter Value 
Total cementitious volume (vc) 0.132 
Water volume (vw) 0.137 
Volume of air (va) 0.06 
Asphalt binder volume (vb) 
0.00 (0% FRAP) 
0.005 (20% FRAP) 
0.008 (35% FRAP) 
0.011 (50% FRAP) 
Maximum aggregate size (Dmax) 19 mm 
 
 The model parameters of p, q, and kt were calibrated to the data by minimizing the 
squared difference between the experimental and predicted strengths. For experimental strengths 
at 28 days, the fitted model parameters are summarized in Table 4-2. As can be seen, the fitted 
parameters are not similar to the findings by Mathias et al. (2009). The best fit of the model for 
compressive strength was to assume a negative value of q, as shown in Figure 4-2, but it is not 
clear in the model formulation if q can be a negative value, so the model was also fit assuming a 
positive value of q. Regardless of the value of q, the model fit to the split tensile strength was not 
very good (Figure 4-3). Similarly, the model was not sufficient to capture the elastic modulus 
behavior, as is shown in Figure 4-4, likely because this model for elastic modulus (Equation 4-5) 
does not account for the effect of the asphalt film or the ITZ. 
 
Table 4-2. Fitted Model Parameters for Strengths at 28 Days 
Parameter 
28 Days 
(Negative q) 
28 Days 
(Positive q) 
Parameters from 
Mathias et al. (2009) 
p 0.167 0.574 1.04 
q -0.011 0.000 0.001 
kt 0.582 0.571 0.45 
 
From these findings it was concluded that, while the Mathias et al. (2009) may have some 
correct assumptions on the physics of the composite material, the model accounts for the 
presence of RAP based on model-fitting parameters and based not any fundamental properties. 
Therefore, additional models were interrogated for their effectiveness at predicting the bulk 
properties of concrete with RAP.  
 
 
209 
 
 
Figure 4-2. Experimental and predicted compressive strengths at 28 days based on the LCPC 
model (Mathias et al. 2009).  
 
 
Figure 4-3. Experimental and predicted split tensile strengths at 28 days based on the LCPC 
model (Mathias et al. 2009).   
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Figure 4-4. Experimental and predicted elastic moduli at 28 days based on the LCPC model 
(Mathias et al. 2009).   
 
4.2 BASIC TWO- AND THREE-PHASE MODELS 
Much of the higher-order models are based or relate back to the basic Hashin-Shtrikman 
two-phase model (Hashin and Shtrikman 1963) or the later imperfect interface Hashin model 
(1991, 1992). The basis and equations from these models are therefore summarized briefly here 
before expanding into the higher-order models in the following subsections.  
The two-phase effective elastic properties of a composite follows the Hashin-Shtrikman 
model (Hashin and Shtrikman 1963). In this model, the upper (+) and lower (-) bounds of the 
effective elastic properties, namely the composite bulk (Kc) and shear (Gc) moduli, are defined 
by the moduli of the cement matrix (Km, Gm) and the aggregate (Ka, Ga) and the volume of the 
cement matrix (Vm) and aggregate (Va) phases: 
 
𝐾𝑐
(−)
= 𝐾𝑚 +
𝑉𝑎
1
𝐾𝑎 − 𝐾𝑚
+
3𝑉𝑚
3𝐾𝑚 + 4𝐺𝑚
 
(4-7)  
 
𝐾𝑐
(+)
= 𝐾𝑎 +
𝑉𝑚
1
𝐾𝑚 − 𝐾𝑎
+
3𝑉𝑎
3𝐾𝑎 + 4𝐺𝑎
 
(4-8)  
 
𝐺𝑐
(−)
= 𝐺𝑚 +
𝑉𝑎
1
𝐺𝑎 − 𝐺𝑚
+
6𝑉𝑚(𝐾𝑚 + 2𝐺𝑚)
5𝐺𝑚(3𝐾𝑚 + 4𝐺𝑚)
 
(4-9)  
 
𝐺𝑐
(+)
= 𝐺𝑎 +
𝑉𝑚
1
𝐺𝑚 − 𝐺𝑎
+
6𝑉𝑎(𝐾𝑎 + 2𝐺𝑎)
5𝐺𝑎(3𝐾𝑎 + 4𝐺𝑎)
 
(4-10)  
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For concrete and cementitious composites, Simeonov and Ahmad (1995) argued that 
these upper and lower bounds needed to consider a third phase, which was the ITZ. Additional 
work by Hashin (1991, 1992) considered an imperfect interface, which modified the effective 
composite bulk (Kc) and shear (Gc) moduli bounds by including the interface bulk modulus (Ki), 
shear modulus (Gi), and layer thickness (Ti) around spherical inclusions of radius A: 
 
𝐾𝑐
(−)
=
1
𝑉𝑚
𝐾𝑚
+
𝑉𝑎
𝐾𝑎
+
3𝑉𝑎
𝐷𝑛𝐴
 
(4-11)  
 
𝐾𝑐
(+)
= 𝐾𝑚𝑉𝑚 +
𝐾𝑎𝑉𝑎
1 +
3𝐾𝑎
𝐷𝑛𝐴
 
(4-12)  
 
𝐺𝑐
(−)
=
1
𝑉𝑚
𝐺𝑚
+
𝑉𝑎
𝐺𝑎
+
2𝑉𝑎
5𝐴 (
2
𝐷𝑛
+
3
𝐷𝑠
+
3
𝐷𝑡
)
 
(4-13)  
 
𝐺𝑐
(+)
= 𝐺𝑚𝑉𝑚 +
𝐺𝑎𝑉𝑎
1 +
5𝐺𝑎
(2𝐷𝑛 + 3𝐷𝑠 + 𝐷𝑡)𝐴
 
(4-14)  
 
𝐷𝑛 =
𝐾𝑖 + 4𝐺𝑖
3𝑇𝑖
 (4-15)  
 
𝐷𝑠 = 𝐷𝑡 =
𝐺𝑖
𝑇𝑖
 (4-16)  
Based on the fundamental relationships between the bulk modulus (K), shear modulus 
(G), Young’s modulus (E), and Poisson ratio (ν), E can be determined as a function of K and G: 
 
𝐺 =
𝐸
2(1 + 𝜈)
 (4-17)  
 
𝐾 =
𝐸
3(1 − 2𝜈)
 (4-18)  
 
𝐸 =
9𝐾𝐺
3𝐾 + 𝐺
 (4-19)  
Therefore, the upper and lower bounds of the effective composite Young’s modulus (Ec) can be 
determined accordingly: 
 
𝐸𝑐
(+)
=
9𝐾𝑐
(+)
𝐺𝑐
(+)
3𝐾𝑐
(+)
+ 𝐺𝑐
(+)
 (4-20)  
 
𝐸𝑐
(−)
=
9𝐾𝑐
(−)
𝐺𝑐
(−)
3𝐾𝑐
(−)
+ 𝐺𝑐
(−)
 (4-21)  
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In composite mixture models, the Voigt (parallel) and Ruess (series) models are the 
classic models, whereby the composite modulus of the mixture (Ec,m) is determined based on the 
volume (V) and modulus (E) of the two phases (1 and 2): 
 
𝐸𝑐,𝑚
𝑉𝑜𝑖𝑔𝑡 = 𝑉1𝐸1 + 𝑉2𝐸2 (4-22)  
 
𝐸𝑐,𝑚
𝑅𝑒𝑢𝑠𝑠 = (
𝑉1
𝐸1
+
𝑉2
𝐸2
)
−1
 (4-23)  
 
4.3 EVALUATION OF MULTI-PHASE MODELS 
4.3.1 Hervé and Zaoui (1993) Model 
The Hervé and Zaoui (1993) is a generalized model for an n-layered inclusion in an 
infinite matrix, as shown in Figure 4-5. This model is a more generalized solution to the three-
phase Christensen and Lo (1979) model. Hervé et al. (2010) applied this model to experimental 
data on the elastic properties of a cement mortar.  
 
Figure 4-5. A representation of the n-layered spherical inclusion.  
Source: Hervé and Zaoui (1993) 
 
For the n-layered model, the effective bulk modulus of the nth layer (K(n)
eff
) is a function 
of the bulk moduli of the nth and (n-1)th layers, the radii of the nth and (n-1)th layers, the shear 
modulus of the nth layer, and the effective bulk modulus of the (n-1)th layer: 
 
𝐾(𝑛)
𝑒𝑓𝑓 = 𝐾𝑛 +
𝑅𝑛−1
3
𝑅𝑛
3
1
𝐾(𝑛−1)
𝑒𝑓𝑓 − 𝐾𝑛
+
3(𝑅𝑛
3 − 𝑅𝑛−1
3 )
𝑅𝑛
3
1
3𝐾𝑛 + 4𝐺𝑛
 (4-24)  
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Thus, assuming a four-phase model, considering the aggregate (phase 1), the asphalt coating 
(phase 2), the ITZ (phase 3), and the bulk matrix infinite medium (phase 4), the effective four-
phase bulk modulus (Kc) can be determined assuming a three-phase composite sphere 
(aggregate, asphalt, ITZ) in an infinite matrix: 
 
𝐾𝑐 = 𝐾3 +
𝑅2
3
𝑅3
3
1
𝐾(2)
𝑒𝑓𝑓 − 𝐾3
+
3(𝑅3
3 − 𝑅2
3)
𝑅3
3
1
3𝐾3 + 4𝐺3
 
𝐾(2)
𝑒𝑓𝑓 = 𝐾2 +
𝑅1
3
𝑅2
3
1
𝐾1 − 𝐾2
+
3(𝑅2
3 − 𝑅1
3)
𝑅2
3
1
3𝐾2 + 4𝐺2
 
(4-25)  
This same solution (Equation 4-25) was also obtained by Maurer (1990) and Kochetkov 
(1994, 1995) for a four-phase composite. In the Maurer (1990) presentation, the volume fractions 
(ϕ) of the three phases are represented as ϕ1, ϕ2, and ϕ3, which will be considered the volume 
fractures of aggregate, asphalt, and ITZ, respectively, and each phase has a radius a, b, and c, 
respectively. Therefore, the volume fractions are: 
 
𝜙1 =
𝑎3
𝑐3
;   𝜙2 =
𝑏3 − 𝑎3
𝑐3
;   𝜙3 =
𝑐3 − 𝑏3
𝑐3
 (4-26)  
The composite bulk modulus (Kc) is determined as follows: 
 
𝐾𝑐 =
𝐾1𝜙1 + 𝐾2𝜙2𝑅𝑘 + 𝐾3𝜙3𝑆𝑘
𝜙1 + 𝜙2𝑅𝑘 + 𝜙3𝑆𝑘
 
𝑅𝑘 =
3𝐾1 + 4𝐺2
3𝐾2 + 4𝐺2
 
𝑆𝑘 =
(3𝐾1 + 4𝐺2)(3𝐾2 + 4𝐺3) − 12 (
𝜙1
𝜙1 + 𝜙2
) (𝐾2 − 𝐾1)(𝐺2 − 𝐺3)
(3𝐾3 + 4𝐺3)(3𝐾2 + 4𝐺2)
 
(4-27)  
The effective shear modulus (Gc) is determined by solving the following equation: 
  
40 (
𝐺𝑐
𝐺3
)
2
det[𝑋] + (
𝐺𝑐
𝐺3
) (2det[𝑌] + 8det[𝑍]) − 5det[𝑇] = 0 (4-28)  
The matrixes [X], [Y], [Z], and [T] are defined as follows:
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[𝑋] =
[
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 𝐺1
𝐺2
−𝐺1
2𝐺2
𝜙1
2/3 −1 4𝜙1
−5/3 𝜙1
2/3
2
1
𝜙1
10 − 2𝜐2
5 − 4𝜐2
0 0 0 0
𝐺1
𝐺2
𝐺1
𝐺2
𝜙1
2/3 7 + 2𝜐1
6𝜐1
−1
−8
3
𝜙1
−5/3 −𝜙1
2/3 7 + 2𝜐2
6𝜐2
−1
𝜙1
2 + 2𝜐2
5 − 4𝜐2
0 0 0 0
𝜙1
1/3 𝜙1 −𝜙1
1/3 −1
𝜙1
4/3 −𝜙1
−1
𝜙1
2/3 0 0 0 0
𝜙1
1/3
2
𝜙1
7 − 4𝜐1
12𝜐1
−𝜙1
1/3
2
1
3𝜙1
4/3 −𝜙1
7 − 4𝜐2
12𝜐2
−1
𝜙1
2/3
1 − 2𝜐2
5 − 4𝜐2
0 0 0 0
0 0
𝐺2
𝐺3
−4
𝐺2
𝐺3
(𝜙1 + 𝜙2)
−5/3 −
𝐺2
2𝐺3
(𝜙1 + 𝜙2)
2/3 −
𝐺2
𝐺3
1
𝜙1 + 𝜙2
10 − 2𝜐2
5 − 4𝜐2
−1 4(𝜙1 + 𝜙2)
−5/3
1
2
(𝜙1 + 𝜙2)
2/3
1
𝜙1 + 𝜙2
10 − 2𝜐3
5 − 4𝜐3
0 0
𝐺2
𝐺3
8𝐺2
3𝐺3
(𝜙1 + 𝜙2)
−5/3
𝐺2
𝐺3
(𝜙1 + 𝜙2)
2/3
7 + 2𝜐2
6𝜐2
𝐺2
𝐺3
1
𝜙1 + 𝜙2
2 + 2𝜐2
5 − 4𝜐2
−1 −
8
3
(𝜙1 + 𝜙2)
−5/3 −(𝜙1 + 𝜙2)
2/3
7 + 2𝜐3
6𝜐3
−1
𝜙1 + 𝜙2
2 + 2𝜐3
5 − 4𝜐3
0 0 (𝜙1 + 𝜙2)
1/3 (𝜙1 + 𝜙2)
−4/3 𝜙1 + 𝜙2 (𝜙1 + 𝜙2)
−2/3 −(𝜙1 + 𝜙2)
1/3 −(𝜙1 + 𝜙2)
−4/3 −(𝜙1 + 𝜙2) −(𝜙1 + 𝜙2)
−2/3
0 0
(𝜙1 + 𝜙2)
1/3
2
−(𝜙1 + 𝜙2)
−4/3
3
(𝜙1 + 𝜙2)
7 − 4𝜐2
12𝜐2
(𝜙1 + 𝜙2)
−2/3
1 − 2𝜐2
5 − 4𝜐2
−(𝜙1 + 𝜙2)
1/3
2
(𝜙1 + 𝜙2)
−4/3
3
−(𝜙1 + 𝜙2)
7 − 4𝜐3
12𝜐3
−(𝜙1 + 𝜙2)
−2/3
1 − 2𝜐3
5 − 4𝜐3
0 0 0 0 0 0
5
2
0 1 + 3 (
7 − 4𝜐3
12𝜐3
) 1 + 3 (
1 − 2𝜐3
5 − 4𝜐3
)
0 0 0 0 0 0
1
2
−1
3
7 − 4𝜐3
12𝜐3
1 − 2𝜐3
5 − 4𝜐3 ]
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(4-29)  
 
[𝑌] =
[
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 𝐺1
𝐺2
−𝐺1
2𝐺2
𝜙1
2/3 −1 4𝜙1
−5/3 𝜙1
2/3
2
1
𝜙1
10 − 2𝜐2
5 − 4𝜐2
0 0 0 0
𝐺1
𝐺2
𝐺1
𝐺2
𝜙1
2/3 7 + 2𝜐1
6𝜐1
−1
−8
3
𝜙1
−5/3 −𝜙1
2/3 7 + 2𝜐2
6𝜐2
−1
𝜙1
2 + 2𝜐2
5 − 4𝜐2
0 0 0 0
𝜙1
1/3 𝜙1 −𝜙1
1/3 −1
𝜙1
4/3 −𝜙1
−1
𝜙1
2/3 0 0 0 0
𝜙1
1/3
2
𝜙1
7 − 4𝜐1
12𝜐1
−𝜙1
1/3
2
1
3𝜙1
4/3 −𝜙1
7 − 4𝜐2
12𝜐2
−1
𝜙1
2/3
1 − 2𝜐2
5 − 4𝜐2
0 0 0 0
0 0
𝐺2
𝐺3
−4
𝐺2
𝐺3
(𝜙1 + 𝜙2)
−5/3 −
𝐺2
2𝐺3
(𝜙1 + 𝜙2)
2/3 −
𝐺2
𝐺3
1
𝜙1 + 𝜙2
10 − 2𝜐2
5 − 4𝜐2
−1 4(𝜙1 + 𝜙2)
−5/3
1
2
(𝜙1 + 𝜙2)
2/3
1
𝜙1 + 𝜙2
10 − 2𝜐3
5 − 4𝜐3
0 0
𝐺2
𝐺3
8𝐺2
3𝐺3
(𝜙1 + 𝜙2)
−5/3
𝐺2
𝐺3
(𝜙1 + 𝜙2)
2/3
7 + 2𝜐2
6𝜐2
𝐺2
𝐺3
1
𝜙1 + 𝜙2
2 + 2𝜐2
5 − 4𝜐2
−1 −
8
3
(𝜙1 + 𝜙2)
−5/3 −(𝜙1 + 𝜙2)
2/3
7 + 2𝜐3
6𝜐3
−1
𝜙1 + 𝜙2
2 + 2𝜐3
5 − 4𝜐3
0 0 (𝜙1 + 𝜙2)
1/3 (𝜙1 + 𝜙2)
−4/3 𝜙1 + 𝜙2 (𝜙1 + 𝜙2)
−2/3 −(𝜙1 + 𝜙2)
1/3 −(𝜙1 + 𝜙2)
−4/3 −(𝜙1 + 𝜙2) −(𝜙1 + 𝜙2)
−2/3
0 0
(𝜙1 + 𝜙2)
1/3
2
−(𝜙1 + 𝜙2)
−4/3
3
(𝜙1 + 𝜙2)
7 − 4𝜐2
12𝜐2
(𝜙1 + 𝜙2)
−2/3
1 − 2𝜐2
5 − 4𝜐2
−(𝜙1 + 𝜙2)
1/3
2
(𝜙1 + 𝜙2)
−4/3
3
−(𝜙1 + 𝜙2)
7 − 4𝜐3
12𝜐3
−(𝜙1 + 𝜙2)
−2/3
1 − 2𝜐3
5 − 4𝜐3
0 0 0 0 0 0 0
−20
3
−
1
2
− (
7 + 2𝜐3
6𝜐3
) −
10 − 2𝜐3
5 − 4𝜐3
−
2 + 2𝜐3
5 − 4𝜐3
0 0 0 0 0 0
5
2
0 1 + 3 (
7 − 4𝜐3
12𝜐3
) 1 + 3 (
1 − 2𝜐3
5 − 4𝜐3
)
]
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(4-30)  
 
215 
 
[𝑍] =
[
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 𝐺1
𝐺2
−𝐺1
2𝐺2
𝜙1
2/3 −1 4𝜙1
−5/3 𝜙1
2/3
2
1
𝜙1
10 − 2𝜐2
5 − 4𝜐2
0 0 0 0
𝐺1
𝐺2
𝐺1
𝐺2
𝜙1
2/3 7 + 2𝜐1
6𝜐1
−1
−8
3
𝜙1
−5/3 −𝜙1
2/3 7 + 2𝜐2
6𝜐2
−1
𝜙1
2 + 2𝜐2
5 − 4𝜐2
0 0 0 0
𝜙1
1/3 𝜙1 −𝜙1
1/3 −1
𝜙1
4/3 −𝜙1
−1
𝜙1
2/3 0 0 0 0
𝜙1
1/3
2
𝜙1
7 − 4𝜐1
12𝜐1
−𝜙1
1/3
2
1
3𝜙1
4/3 −𝜙1
7 − 4𝜐2
12𝜐2
−1
𝜙1
2/3
1 − 2𝜐2
5 − 4𝜐2
0 0 0 0
0 0
𝐺2
𝐺3
−4
𝐺2
𝐺3
(𝜙1 + 𝜙2)
−5/3 −
𝐺2
2𝐺3
(𝜙1 + 𝜙2)
2/3 −
𝐺2
𝐺3
1
𝜙1 + 𝜙2
10 − 2𝜐2
5 − 4𝜐2
−1 4(𝜙1 + 𝜙2)
−5/3
1
2
(𝜙1 + 𝜙2)
2/3
1
𝜙1 + 𝜙2
10 − 2𝜐3
5 − 4𝜐3
0 0
𝐺2
𝐺3
8𝐺2
3𝐺3
(𝜙1 + 𝜙2)
−5/3
𝐺2
𝐺3
(𝜙1 + 𝜙2)
2/3
7 + 2𝜐2
6𝜐2
𝐺2
𝐺3
1
𝜙1 + 𝜙2
2 + 2𝜐2
5 − 4𝜐2
−1 −
8
3
(𝜙1 + 𝜙2)
−5/3 −(𝜙1 + 𝜙2)
2/3
7 + 2𝜐3
6𝜐3
−1
𝜙1 + 𝜙2
2 + 2𝜐3
5 − 4𝜐3
0 0 (𝜙1 + 𝜙2)
1/3 (𝜙1 + 𝜙2)
−4/3 𝜙1 + 𝜙2 (𝜙1 + 𝜙2)
−2/3 −(𝜙1 + 𝜙2)
1/3 −(𝜙1 + 𝜙2)
−4/3 −(𝜙1 + 𝜙2) −(𝜙1 + 𝜙2)
−2/3
0 0
(𝜙1 + 𝜙2)
1/3
2
−(𝜙1 + 𝜙2)
−4/3
3
(𝜙1 + 𝜙2)
7 − 4𝜐2
12𝜐2
(𝜙1 + 𝜙2)
−2/3
1 − 2𝜐2
5 − 4𝜐2
−(𝜙1 + 𝜙2)
1/3
2
(𝜙1 + 𝜙2)
−4/3
3
−(𝜙1 + 𝜙2)
7 − 4𝜐3
12𝜐3
−(𝜙1 + 𝜙2)
−2/3
1 − 2𝜐3
5 − 4𝜐3
0 0 0 0 0 0
5
2
0 −
1
2
+
3
2
(
7 + 2𝜐3
6𝜐3
) − (
10 − 2𝜐3
5 − 4𝜐3
) +
3
2
(
2 + 2𝜐3
5 − 4𝜐3
)
0 0 0 0 0 0 0
5
3
1 − 2 (
7 − 4𝜐3
12𝜐3
) 1 − 2 (
1 − 2𝜐3
5 − 4𝜐3
)
]
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6𝜐1
−1
−8
3
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2/3 7 + 2𝜐2
6𝜐2
−1
𝜙1
2 + 2𝜐2
5 − 4𝜐2
0 0 0 0
𝜙1
1/3 𝜙1 −𝜙1
1/3 −1
𝜙1
4/3 −𝜙1
−1
𝜙1
2/3 0 0 0 0
𝜙1
1/3
2
𝜙1
7 − 4𝜐1
12𝜐1
−𝜙1
1/3
2
1
3𝜙1
4/3 −𝜙1
7 − 4𝜐2
12𝜐2
−1
𝜙1
2/3
1 − 2𝜐2
5 − 4𝜐2
0 0 0 0
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𝐺2
𝐺3
−4
𝐺2
𝐺3
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−5/3 −
𝐺2
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(𝜙1 + 𝜙2)
2/3 −
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𝐺3
1
𝜙1 + 𝜙2
10 − 2𝜐2
5 − 4𝜐2
−1 4(𝜙1 + 𝜙2)
−5/3
1
2
(𝜙1 + 𝜙2)
2/3
1
𝜙1 + 𝜙2
10 − 2𝜐3
5 − 4𝜐3
0 0
𝐺2
𝐺3
8𝐺2
3𝐺3
(𝜙1 + 𝜙2)
−5/3
𝐺2
𝐺3
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2/3
7 + 2𝜐2
6𝜐2
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𝜙1 + 𝜙2
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5 − 4𝜐2
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8
3
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−5/3 −(𝜙1 + 𝜙2)
2/3
7 + 2𝜐3
6𝜐3
−1
𝜙1 + 𝜙2
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5 − 4𝜐3
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1/3 (𝜙1 + 𝜙2)
−4/3 𝜙1 + 𝜙2 (𝜙1 + 𝜙2)
−2/3 −(𝜙1 + 𝜙2)
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(𝜙1 + 𝜙2)
−4/3
3
−(𝜙1 + 𝜙2)
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2
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1
2
+
3
2
(
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6𝜐3
) − (
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5 − 4𝜐3
) +
3
2
(
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0 0 0 0 0 0 1
8
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The elastic properties of each material layer in the RAP concrete are shown in Table 4-3. 
The aggregate elastic modulus was assumed to be 90 GPa and the cement matrix elastic modulus 
was assumed to be 21 GPa
*
. The ITZ modulus was assumed to be 60% of the cement matrix. A 
very low asphalt shear modulus was assumed.  
 
Table 4-3. Layer Elastic Property Assignments 
Layer 
Poisson 
Ratio 
Young's 
Modulus (GPa) 
Shear Modulus 
(GPa) 
Bulk Modulus 
(GPa) 
Aggregate 0.25 90.0 36.0 60.0 
Asphalt 0.35 2.7 1.0 3.0 
ITZ 0.25 12.6 5.0 8.4 
Cement Matrix 0.25 21.0 8.4 14.0 
 
 The concrete with FRAP aggregates was modelled as a 4-phase composite using the 
Maurer (1990) formulation, which is the same as Hervé and Zaoui (1993). The virgin aggregate 
(dolomite) concrete was modelled using the Hashin 3-phase imperfect interface model (Hashin 
1991, 1992). The asphalt thickness was assumed to be 10 μm and the ITZ for concrete with RAP 
was assumed to be 50 μm (after the findings from Chapter 2). The ITZ for concrete with 
dolomite was assumed to be 30 μm (after the findings from Chapter 2). The aggregate radius was 
assumed to be 5 mm. Based on the concrete mix design (Brand et al. 2012; Brand and Roesler 
2015), the aggregate volume is 41% and the matrix volume is 59%. Each concrete was modelled 
assuming 100% of the aggregate was either dolomite or RAP and then a composite mixture 
theory was used to estimate the effective modulus.  
 The results of the 4-phase concrete with RAP model yielded Kc = 50.3 GPa, Gc = 5.7 
GPa, and Ec = 16.6 GPa. The results of the 3-phase concrete with dolomite model yielded Kc
+
 = 
29.0 GPa, Kc
-
 = 17.2 GPa, Gc
+
 = 19.1 GPa, Gc
-
 = 12.5 GPa, Ec
+
 = 47.0 GPa, and Ec
-
 = 30.1 GPa. 
Using the Voigt parallel composite mixing model, the predicted elastic modulus was compared 
to the actual experimentally-measured elastic modulus (Brand et al. 2012; Brand and Roesler 
2015), as shown in Figure 4-6. As can be seen, incorporating the fourth phase of asphalt as a low 
modulus component yielded predicted (upper) elastic moduli that were reasonably similar to the 
actual measured elastic modulus, despite the significant amount of assumptions in the model.  
                                                 
*
 The modulus of elasticity of aggregates ranges from 70 to 140 GPa and the modulus of elasticity of hydrated 
cement paste ranges from 7 to 28 GPa (Mindess et al. 2003).  
 
217 
 
 
Figure 4-6. Composite modulus based on the Voigt composite mixing of concrete with FRAP 
modelled with a 4-phase composite (Maurer 1990; Hervé and Zaoui 1993) and concrete with 
dolomite modelled with a 3-phase composite (Hashin 1991, 1992). 
 
4.3.2 Gu et al. (2014) Model 
The Gu et al. (2014) model considers an imperfect bonding condition, which in this 
instance will be modeled as the interface between the cementitious matrix and the asphalt layer 
on the aggregate. This model considers three phases, which will be considered as the aggregate 
(subscript a), the asphalt interlayer (subscript i), and the matrix (subscript m). To determine the 
composite bulk modulus (K*), first the equivalent bulk modulus of the aggregate and asphalt 
(Keq) is determined from material constants (c1, c2, c3, c4, and c5), the shear moduli (G) of each 
phase, and the ratio (δ) of the asphalt thickness to the aggregate radius. The volumetric ratio of 
aggregate content (ϕ) is also required.  
 
𝐾∗ = 𝐾𝑚 +
𝜙(𝐾𝑒𝑞 − 𝐾𝑚)(3𝐾𝑚 + 4𝐺𝑚)
3(1 − 𝜙)(𝐾𝑒𝑞 − 𝐾𝑚) + 3𝐾𝑚 + 4𝐺𝑚
 (4-33)  
  
𝐾𝑒𝑞 =
2
3
𝐾𝑎 [
3 − 𝛿 (
𝑐4
𝐾𝑎
+
2𝑐5
𝐾𝑎
+ 3𝑐1)
2 + 𝛿(2𝑐1 + 3𝑐2𝐾𝑎)
] (4-34)  
 
𝑐1 =
3𝐾𝑚 − 2𝐺𝑚
3𝐾𝑚 + 4𝐺𝑚
+
3𝐾𝑎 − 2𝐺𝑎
3𝐾𝑎 + 4𝐺𝑎
− 2
3𝐾𝑖 − 2𝐺𝑖
3𝐾𝑖 + 4𝐺𝑖
 (4-35)  
 
𝑐2 =
6
3𝐾𝑖 + 4𝐺𝑖
−
3
3𝐾𝑚 + 4𝐺𝑚
−
3
3𝐾𝑎 + 4𝐺𝑎
 (4-36)  
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𝑐3 =
2
𝐺𝑖
−
1
𝐺𝑚
−
1
𝐺𝑎
 (4-37)  
 
𝑐4 = 2(𝐺𝑚 + 𝐺𝑎 − 2𝐺𝑖) (4-38)  
 
𝑐5 = 2 [
𝐺𝑚(3𝐾𝑚 − 2𝐺𝑚)
3𝐾𝑚 + 4𝐺𝑚
+
𝐺𝑎(3𝐾𝑎 − 2𝐺𝑎)
3𝐾𝑎 + 4𝐺𝑎
− 2
𝐺𝑖(3𝐾𝑖 − 2𝐺𝑖)
3𝐾𝑖 + 4𝐺𝑖
] (4-39)  
 Additionally, the composite shear modulus (G*) can be determined by solving the 
following equation as a function of the coefficients Θ, Φ, and Ψ, which are functions of 
volumetric ratio of aggregate content (ϕ), the Poisson ratio (v), and the equivalent shear modulus 
(Geq), which in turn is also a function of various constants (c1, c2, c3, c4, c5, f1, f2, f3, f4, f5, g1, g2, 
g3, g4, g5, and w): 
 
Θ(
𝐺∗
𝐺𝑚
)
2
+ Φ(
𝐺∗
𝐺𝑚
) + Ψ = 0 (4-40)  
 
𝐺𝑒𝑞 = 𝐺𝑖
𝛿(𝑐1𝑓1 + 𝑐2𝑓2 + 𝑐3𝑓3 + 𝑐4𝑓4 + 𝑐5𝑓5) + 𝑤
𝛿(𝑐1𝑔1 + 𝑐2𝑔2 + 𝑐3𝑔3 + 𝑐4𝑔4 + 𝑐5𝑔5) + 𝑤
 (4-41)  
 
Θ = −[126𝜙7/3 − 252𝜙5/3 + 50(7 − 12𝑣𝑚 + 8𝑣𝑚
2 )𝜙] (1 −
𝐺𝑒𝑞
𝐺𝑚
) 
+ 4(7 − 10𝑣𝑚) [−7 + 5𝑣𝑚 − 2
𝐺𝑒𝑞
𝐺𝑚
(4 − 5𝑣𝑚)] 
(4-42)  
 
Φ = [252𝜙7/3 − 504𝜙5/3 + 150(3 − 12𝑣𝑚)𝑣𝑚𝜙] (1 −
𝐺𝑒𝑞
𝐺𝑚
)         
− 3(7 − 15𝑣𝑚) [−7 + 5𝑣𝑚 − 2
𝐺𝑒𝑞
𝐺𝑚
(4 − 5𝑣𝑚)] 
(4-43)  
 
ψ = −[126𝜙7/3 − 252𝜙5/3 + 25(7 − 𝑣𝑚
2 )𝜙] (1 −
𝐺𝑒𝑞
𝐺𝑚
)                      
− (7 + 5𝑣𝑚) [−7 + 5𝑣𝑚 − 2
𝐺𝑒𝑞
𝐺𝑚
(4 − 5𝑣𝑚)] 
(4-44)  
 
𝑤 = −5(4 + 57
𝐾𝑎
𝐺𝑎
+ 136
𝐺𝑚
𝐺𝑎
+ 48
𝐺𝑚
𝐺𝑎
𝐾𝑎
𝐺𝑎
) (4-45)  
 
𝑓1 = 20 + 285
𝐾𝑎
𝐺𝑎
− 952
𝐺𝑚
𝐺𝑎
− 336
𝐺𝑚
𝐺𝑎
𝐾𝑎
𝐺𝑎
 (4-46)  
 
𝑓2 = −12
𝐺𝑚
𝐺𝑎
(4𝐺𝑎 + 57𝐾𝑎) (4-47)  
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𝑓3 = −8
𝐺𝑚
𝐺𝑎
(4𝐺𝑎 + 57𝐾𝑎) (4-48)  
 
𝑓4 =
1
𝐺𝑎
(245 +
735𝐾𝑎
4𝐺𝑎
+ 238
𝐺𝑚
𝐺𝑎
+ 84
𝐺𝑚
𝐺𝑎
𝐾𝑎
𝐺𝑎
) (4-49)  
 
𝑓5 =
1
𝐺𝑎
(410 +
345𝐾𝑎
2𝐺𝑎
+ 68
𝐺𝑚
𝐺𝑎
+ 24
𝐺𝑚
𝐺𝑎
𝐾𝑎
𝐺𝑎
) (4-50)  
 
𝑔1 = 28 + 399
𝐾𝑎
𝐺𝑎
− 680
𝐺𝑚
𝐺𝑎
− 240
𝐺𝑚
𝐺𝑎
𝐾𝑎
𝐺𝑎
 (4-51)  
 
𝑔2 = −2𝐺𝑎 (4 + 57
𝐾𝑎
𝐺𝑎
+ 160
𝐺𝑚
𝐺𝑎
+ 390
𝐺𝑚
𝐺𝑎
𝐾𝑎
𝐺𝑎
) (4-52)  
 
𝑔3 = −𝐺𝑎 (12 + 171
𝐾𝑎
𝐺𝑎
+ 440
𝐺𝑚
𝐺𝑎
+ 600
𝐺𝑚
𝐺𝑎
𝐾𝑎
𝐺𝑎
) (4-53)  
 
𝑔4 = 14𝐺𝑎 (17 + 6
𝐾𝑎
𝐺𝑎
) (4-54)  
 
𝑔5 = 24𝐺𝑎 (17 + 6
𝐾𝑎
𝐺𝑎
) (4-55)  
 Given that this model only considers three phases, the asphalt and ITZ layer must be 
considered as one phase. The asphalt-ITZ layer was assumed to be 60 μm thick with a bulk 
modulus of 5 GPa. Otherwise, the phase elastic properties are the same as stated in Table 4-3. By 
the Gu et al. (2014) model, the composite moduli were computed to be K* = 20.4 GPa and G* = 
1.3 GPa, resulting in a computed E* = 3.8 GPa. Using the Voigt parallel composite mixing 
model, the predicted elastic modulus was compared to the actual elastic modulus (Brand et al. 
2012; Brand and Roesler 2015), as shown in Figure 4-7. As can be seen, considering an 
imperfect bonding condition by the Gu et al. (2014) model, the predicted (upper) elastic moduli 
that were reasonably similar to the actual measured elastic modulus. 
 Since a linear composite mixing model was assumed, a linear trend can be applied to the 
predicted elastic modulus, as shown in Figure 4-8. Based on the limited experimental dataset, the 
predicted elastic modulus in concrete with 100% coarse FRAP would be <1,000 ksi and be 
approximately 8% of the elastic modulus of concrete without coarse FRAP aggregates. Further 
data is required to validate this finding, as data from the literature suggests that the reduction in 
elastic modulus with increasing RAP content may be nonlinear from RAP contents of 0% to 
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100%, but linear with low (0-50%) coarse RAP contents, as shown in Figure 4-9 based on the 
data by Kolias (1996). The data from Kolias (1996) suggests that the elastic modulus are 58%, 
34%, 29%, and 18% of the control (no RAP) concrete for concrete mixtures with 25%, 50%, 
75%, and 100%, respectively. Thus, further study and a larger dataset with significantly more 
RAP contents is required to effectively validate the model.  
 
 
Figure 4-7. Composite modulus based on the Voigt composite mixing of concrete with FRAP 
modelled with a 3-phase composite (Gu et al. 2014) and concrete with dolomite modelled with a 
3-phase composite (Hashin 1991, 1992). 
 
 
Figure 4-8. Predicted elastic modulus based on the Gu et al. (2014) model.  
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Figure 4-9. Experimental elastic modulus results for concrete specimens after one year (Kolias 
1996), indicating a linear trend in the data for concrete with 0%, 25%, and 50% RAP and an 
exponential trend for concrete with 0%, 25%, 50%, 75%, and 100% RAP.  
 
4.4 CONCLUSIONS 
Given the number of reclaimed asphalt pavement (RAP) stockpiles and sources, there is 
significant costs of time and energy in testing all possible combinations of cementitious and RAP 
materials. Therefore, it is important to obtain a composite model capable to predicting the bulk 
properties of concrete with RAP aggregates. However, the inclusion of RAP to concrete 
introduces another phase that needs to be accounted for in composite modelling. Conventional 
composite models of concrete consider a two-phase or three-phase model, consisting of 
aggregate, cementitious matrix, and the interfacial transition zone (ITZ). By considering the 
asphalt as a thin interlayer with a very low modulus, the predicted elastic modulus can match 
reasonably well to experimentally-measured elastic properties, despite a large number of 
assumptions that need to be made. 
The Mathias et al. (2009) model was found to be highly dependent on parameter fitting 
and did not necessary fit the experimental data well. A better fit was obtained by assuming that 
one of the coefficients was negative, though it was unclear from the model if that coefficient 
could be a negative value. Therefore, since this model requires calibration with each RAP 
source, it is insufficient to universally describe all possible RAP composite combinations.  
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Additional models were considered that considered either a four-phase composite 
(Maurer 1990; Hervé and Zaoui 1993) or a composite with an imperfect interface (Gu et al. 
2014). With certain assumptions, it was found that these models were suitable in predicting the 
elastic modulus of concrete with RAP aggregates. To further validate the model, a larger dataset 
with experimental results at more RAP contents is required.  
 
REFERENCES 
Brand, A.S., J.R. Roesler, I.L. Al-Qadi, and P. Shangguan. (2012). Fractionated Reclaimed Asphalt Pavement 
(FRAP) as a Coarse Aggregate Replacement in a Ternary Blended Concrete Pavement, Final Report No. 
ICT-12-008, Illinois Center for Transportation, Illinois State Toll Highway Authority. 
Brand, A.S., and J.R. Roesler. (2015). “Ternary Concrete with Fractionated Reclaimed Asphalt Pavement,” ACI 
Materials Journal, Volume 112, Issue 1, pp. 155-164.  
Christensen, R.M., and K.H. Lo. (1979). “Solutions for Effective Shear Properties in Three Phase Sphere and 
Cylinder Models,” Journal of the Mechanics and Physics of Solids, Volume 27, Issue 4, pp. 315-330.  
Gu, S.-T., J.-T. Liu, and Q.-C. He. (2014). “Size-Dependent Effective Elastic Moduli of Particulate Composites with 
Interfacial Displacement and Traction Discontinuities,” International Journal of Solids and Structures, 
Volume 51, Issue 13, pp. 2283-2296. 
Hashin, Z. (1991). “Thermoelastic Properties of Particulate Composites with Imperfect Interface,” Journal of the 
Mechanics and Physics of Solids, Volume 39, Issue 6, pp. 745-762. 
Hashin, Z. (1992). “Extremum Principles for Elastic Heterogenous Media with Imperfect Interfaces and their 
Application to Bounding of Effective Moduli,” Journal of the Mechanics and Physics of Solids, Volume 
40, Issue 4, pp. 767-781. 
Hashin, Z., and S. Shtrikman. (1963). “A Variational Approach to the Theory of the Elastic Behaviour of Multiphase 
Materials,” Journal of the Mechanics and Physics of Solids, Volume 11, Issue 2, pp. 127-140.  
Hervé, E., and A. Zaoui. (1993). “n-Layered Inclusion-Based Micromechanical Modelling,” International Journal of 
Engineering Science, Volume 31, Issue 1, pp. 1-10.  
Kochetkov, V. (1994). “Calculation of Characteristics of the Elastic and Thermophysical Properties of a Multiphase 
Composite Containing Composite or Hollow Spherical Inclusions,” Mechanics of Composite Materials, 
Volume 30, Issue 4, pp. 371-377. 
Kochetkov, V. (1995). “Prediction of Elastic Constants, Creep Functions and Thermal Properties of Multiphase 
Composite Materials with Composite or Hollow Spherical Inclusions,” in Proceedings of the Tenth 
International Conference on Composite Materials, eds. A. Poursartip and K. Street, Woodhead Publishing: 
Cambridge, pp. IV33-IV40. 
Kolias, S. (1996). “Mechanical Properties of Cement-Treated Mixtures of Milled Bituminous Concrete and Crushed 
Aggregates,” Materials and Structures, Volume 29, pp. 411-417.  
 
223 
 
Mathias, V., T. Sedran, and F. de Larrard. (2009). “Modeling of Mechanical Properties of Cement Concrete 
Incorporating Reclaimed Asphalt Pavement.” Road Materials and Pavement Design, Volume 10, Issue 1, 
pp. 63-82.  
Maurer, F.H.J. (1990). “An Interlayer Model to Describe the Physical Properties of Particulate Composites,” in 
Controlled Interphases in Composite Materials, ed. H. Ishida, Elsevier: New York, pp. 491-504. 
Mindess, S., J.F. Young, and D. Darwin. (2003). Concrete. 2nd Edition, Pearson Education: Upper Saddle River. 
Nilsen, A.U., and P.J.M. Monteiro. (1993). “Concrete: A Three Phase Material,” Cement and Concrete Research, 
Volume 23, Issue 1, pp. 147-151.  
Simeonov, P.I., and S.H. Ahmad. (1995). “Interface Transition Zone and the Elastic Modulus of Cement-Based 
Composites,” Materials Research Society Symposium Proceedings, Volume 370, pp. 397-406. 
 224 
 
CHAPTER 5 FLEXURAL LOAD CAPACITY OF CONCRETE SLABS 
WITH RECYCLED AGGREGATE
*
 
 
Many agencies, such as the Illinois State Toll Highway Authority (Tollway) and O’Hare 
International Airport are aiming to achieve a fully recycled construction site on their roadway or 
airfield projects. As a result, recycled materials are being investigated for application in rigid 
pavements. Specifically, higher proportions of by-product cementitious materials, such as ground 
granulated blast furnace slag and fly ash, are being used, as well as partial or full (100%) 
replacements of virgin coarse aggregate with fractionated reclaimed asphalt pavement (FRAP), 
recycled concrete aggregate (RCA), and/or slag aggregates. There have been numerous 
laboratory studies on the use of supplementary cementitious materials, FRAP, and RCA in 
concrete, but few studies have addressed these by-product and recycled construction materials in 
concrete slabs (Buch et al. 2000; Jensen and Hansen 2002; Jensen et al. 2005).  
The objective of this research was to evaluate the viability of using higher proportions of 
FRAP and RCA in concrete slabs, as well as higher replacement levels of by-product materials 
such as slag and fly ash. A total of 16 concrete slabs were constructed and statically tested to 
determine their peak flexural load capacity. Both conventional single-lift and two-lift concrete 
slabs were constructed. A total of five concrete mixes were evaluated: 45% coarse FRAP, 45% 
coarse FRAP with fibers, 100% coarse RCA, 45-55% blend of coarse FRAP–RCA, and 100% 
virgin coarse aggregate. 
 
5.1 LITERATURE REVIEW 
5.1.1 Two-Lift Concrete Slabs 
Two-lift concrete pavements, a type of composite pavement, consist of two concrete 
layers, typically with the bottom layer sometimes being of lower quality than the top layer. The 
two layers are paved in a “wet-on-wet” technique in which the top layer is paved over the bottom 
before the concrete has set. The bottom layer is thicker than the top layer and serves as the main 
bending-resistance component of the composite slab, while the top lift generally is constructed 
                                               
*
 This chapter is summarized in:  
Brand, A.S., A.N. Amirkhanian, and J.R. Roesler. (2014) “Flexural Capacity of Full-Depth and Two-Lift Concrete 
Slabs with Recycled Aggregates,” Transportation Research Record, Issue 2456, pp. 64-72. 
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with higher-quality constituent materials for improved surface characteristics (i.e., noise, friction, 
or ride quality).  
Numerous evaluations of concrete construction practices have shown that two-lift 
concrete pavements have been used successfully in Europe (Darter 1992; Till and VanPortfliet 
1992; Larson et al. 1993; Cable and Frentress 2004; Hall et al. 2007; Tompkins et al. 2010). 
Two-lift concrete pavements have been used in Germany since the 1930s (Darter 1992). 
However, two-lift pavements originated in the United States, where the first pavements of this 
type were constructed in the early 1900s; and a variation of the two-lift pavement that included 
placing a steel mesh in between the two lifts was also done in the United States between 1950 
and 1990  (Cable and Frentress 2004). In the United States, experimental two-lift concrete 
pavements were constructed in the 1970s in Iowa, Florida, and North Dakota and in the 1990s in 
Kansas and Michigan (Cable and Frentress 2004). A two-lift demonstration project was also 
constructed on I-70 in Kansas in October 2008. Various two-lift construction projects were 
summarized by Rao et al. (2012), demonstrating that the performance of two-lift pavements can 
be acceptable even after many years in service (upward of 30 years) and with high truck volumes 
(up to 72 million trucks). 
The Michigan experimental two-lift project was built along I-75 in downtown Detroit and 
was opened to traffic in November 1993; it was based on the German and Austrian two-lift 
design determined after a European tour in 1992 (Larson et al. 1993). After one year of 
operation, the two-lift pavement had zero surface distress features with the exception of a few 
minor popouts, while the control “typical” pavement had one or two transverse cracks on 50% of 
the panels (Smiley 1995). A bond test was originally intended to measure the bond strength 
between the two layers; but cores revealed adequate consolidation, so the tensile bond test was 
instead applied to the interface of the bottom lift and the lean concrete base, which revealed 
greater bond strengths than originally anticipated after 7 days (FHWA 1995). After 15 years in 
service, both the two-lift and the control pavements had low distress ratings and similar ride 
quality values (Smiley 2010). After 20 years in service, both the two-lift and the control 
pavements had similar roughness (ride quality) values and a “distress index” rating of low, 
although the two-lift pavement section was showing evidence of delamination and longitudinal 
wheelpath cracking (Staton 2013).  
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The Strategic Highway Research Program 2 (SHRP2), Project R21, created two-lift test 
sections in 2010 on the Minnesota Department of Transportation’s experimental pavement 
section MnROAD (Rao et al. 2012). Two experimental sections were constructed, each with a 6-
inch bottom lift and 3-inch top lift. One section had a bottom lift with 50% RCA and 40% fly 
ash, and the other contained 60% fly ash and an inexpensive coarse aggregate in the bottom lift. 
The top lift in both sections was a 3/8-inch crushed granite coarse aggregate. After 1 year, no 
distresses have been observed, and a pull-off test has revealed the two lifts have good bonding.  
Through analyses, the SHRP2 project found that two-lift pavements have the same 
potential distress types as conventional concrete pavements, except that top-down longitudinal 
and fatigue cracking may not be as critical due to the higher-strength top layer (Rao et al. 2012). 
Higher-quality aggregates in the top layer can also benefit the pavement with a reduction in 
surface wear, noise, and improved friction and ride quality.  
One benefit of two-lift concrete is that the bottom lift can consist of lower-quality or 
more inexpensive aggregates, such as recycled aggregates. There have been some published 
studies in which two-lift slabs have contained recycled aggregates in the bottom lift—such as 
RAP (Sommer 1994; Wojakowski 1998) and RCA (Sommer 1994; Beeldens and Boonen 2012; 
Rao et al. 2012). In Europe, for two-lift construction, Austria requires that RCA and/or RAP be 
used in the bottom lift; and Germany allows the use of recycled materials in the bottom lift (Hall 
et al. 2007).  
 Sustainable two-lift pavements have also been constructed using photocatalytic cements 
in the top layer, which are activated by ultraviolet light to reduce harmful air pollutants. 
Experimental two-lift pavements with photocatalytic cements have been constructed in Missouri 
in 2011 (Cackler et al. 2012; Guerrini et al. 2012) and in Belgium in 2011 (Beeldens and Boonen 
2012). The site in Belgium also contained nearly 60% RCA in the bottom lift, and preliminary 
results have suggested promising results from the photocatalytic cement activity (Beeldens and 
Boonen 2012).   
 A concept similar to two-lift construction, known as functionally graded concrete slabs, 
considers the construction of concrete lifts in the fresh state, with a focus on increasing the 
cracking resistance of the bottom concrete layer. Laboratory studies have shown that 
improvement of the bottom lift fracture properties increases the fracture behavior of the two-lift 
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concrete layer, such as using fiber-reinforced concrete in the bottom lift of the concrete (Roesler 
et al. 2007; Evangelista et al. 2009; Park et al. 2010).  
 
5.1.2 Concrete Pavements with RAP 
Field studies have shown that reclaimed asphalt pavement (RAP) can be successfully 
used in concrete. Sommer (1994) reported on the reconstruction of an Austrian highway in from 
1991 through 1993 using the aggregate crushed from the existing roadway, which contained no 
more than 10% RAP. Current Austrian construction specifications allow RAP (> #4 sieve size) 
up to 20% in the bottom lift of two-lift concrete pavements (H. Sommer, personal 
communication, December 2011). An experimental two-lift pavement was built in 1976 in Iowa 
that was composed of a 7-inch bottom lift with recycled aggregate (recycled from the existing 
pavement, which had a concrete layer and an asphalt overlay) and a 4-inch top lift with virgin 
concrete (Bergren and Britson 1977); the bottom lift had 25% RAP (coarse and fine) by volume 
(Calvert 1977). As of 1994, Iowa was the only state to have used RAP in a concrete pavement, 
although Connecticut had conducted a research study (Collins and Ciesielski 1994).   
In 1997, the Kansas Department of Transportation constructed numerous doweled two-
lift concrete test sections, one of which contained 15% RAP as a replacement of the intermediate 
aggregate size (Wojakowski 1998). These test sections were evaluated in 2009, and it was found 
that the RAP section had a load transfer efficiency of 85%, although the section had minimally 
greater faulting (0.22 vs. 0.15 mm per joint) and spalling (83 vs. 67 mm per joint) versus the 
control section (McLeod 2010).  
In France, a test section with fiber-reinforced roller-compacted concrete (FRCC) with 
various RAP contents was constructed in 2009 off Highway A6 (Bilodeau et al. 2011). 
Accelerated pavement testing of this FRCC with RAP has commenced (Bilodeau et al. 2012; 
Nguyen et al. 2012). The data collected over nine months with more than 2 million dual wheel 
loads of 65 kN (simulated 20 years of service life under heavy truck traffic) was used to create an 
experimental pavement design. It was found that FRCC with RAP as a base layer needs to be 
slightly thicker (1 to 2 cm) than FRCC with virgin limestone aggregate. However, the total 
pavement thickness with FRCC is less than typical French pavements without FRCC (Nguyen et 
al. 2012).  
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5.1.3 Concrete Pavements with RCA 
The use of RCA in concrete has been investigated in a host of laboratory studies, but 
fewer studies have focused specifically on RCA in concrete pavements (Yrjanson 1989; 
Schutzbach 1993; Roesler and Huntley 2009; Choi and Won 2009; Chini et al. 2001; Wade et al. 
1997; Sturtevant 2007; Anderson et al. 2009; Rao et al. 2012). A more detailed synopsis can be 
found in Brand et al. (2013).  
 
5.1.4 Laboratory Testing of Concrete Slabs 
A number of studies have tested concrete slabs in the laboratory at the University of 
Illinois at Urbana-Champaign (Roesler 1998; Littleton 2003; Gaedicke 2009; Amirkhanian 
2012). One of the key findings of all these concrete slab tests is that there is not a constant 
relationship between the concrete beam flexural strength and the slab load capacity. With 
traditional beam flexural strength measurements, the corresponding slab flexural load capacity 
cannot be accurately predicted (Beckett and Humphreys 1989; Roesler 1998; Roesler et al. 2004, 
2005, 2012; Kohler 2005; Rao 2005; Cervantes and Roesler 2009). This lack of predictive slab 
load capacity has been attributed to the size effect (Roesler 2006; Evangelista 2011), a 
phenomenon that explains why a given concrete material has different nominal strengths at 
failure due to different specimen geometries (slab dimensions), boundary conditions, and load 
configurations (Bažant and Planas 1998). Researchers have clearly demonstrated that the 
concrete slab load capacity can be predicted more accurately through fracture mechanics (Meda 
and Plizzari 2004; Sorelli et al. 2006; Gaedicke 2009; Evangelista 2011; Gaedicke et al. 2012).  
The use of fibers in concrete has been found to increase the flexural load capacity of slabs 
experimentally (Beckett and Humphreys 1989; Beckett et al. 1999; Roesler et al. 2004; Sorelli et 
al. 2006; Amirkhanian 2012) and through numerical simulations (Gaedicke 2009). Some studies 
have found that RCA may experimentally increase the flexural load capacity of concrete slabs 
(Amirkhanian 2012). However, through numerical simulations, another RCA source could 
produce a lower slab load capacity and faster crack propagation (Gaedicke et al. 2012).  
 
5.1.5 Illinois Tollway Projects with Recycled Aggregates 
The Illinois Tollway has implemented several test projects to use recycled aggregates and 
composite pavements. In 2010, the first concrete test section with FRAP was built by the Illinois 
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Tollway as an on-ramp to I-94. Further details on this project can be found in Brand et al. (2012). 
After this test project, the Tollway allowed the use of FRAP in concrete as a composite 
pavement (a two-layer system with concrete on the bottom and hot-mix or warm-mix asphalt on 
the top) for all on- and off-ramps to the Tollway roadways.  
The Tollway’s first two-lift concrete pavement with FRAP was constructed in September 
2012 on I-88. The bottom lift mix consisted of a ternary blend of cementitious materials 
(Portland cement, ground granulated blast furnace slag, and fly ash with a total cementitious 
content of 585 lb/yd
3
) with 21% FRAP replacement of the coarse aggregate. Other mix design 
proportions were not provided by the contractor. The pavement thickness was 8 inch of bottom 
lift with FRAP and a 3.5-inch top lift of conventional paving concrete with virgin aggregates. 
Some additional details on the design process behind the Tollway’s two-lift pavement can be 
found in Gillen et al. (2012) and Bentsen et al. (2013). The testing by the Tollway revealed that 
the top and bottom lifts met the required strengths. Additional testing was done by the University 
of Illinois at a concrete age of 140 days, confirming that the top and bottom lift concretes had 
acceptable mechanical properties; additional details can be found in Brand et al. (2013).  
 
5.2 AGGREGATE PROPERTIES AND CONCRETE MIX DESIGN 
5.2.1 Aggregate Properties 
Five aggregate sources were used in this study: virgin coarse aggregate, virgin 
intermediate aggregate (chips), fractionated reclaimed asphalt pavement (FRAP), recycled 
concrete aggregate (RCA), and virgin fine aggregate (sand). The measured aggregate properties 
and corresponding test method are shown in Table 5-1. The virgin coarse and fine aggregates and 
FRAP were supplied by the Tollway from sources in northern Illinois. The RCA was also 
supplied by the Tollway but was sourced from O’Hare International Airport in Chicago, Illinois. 
The stockpile of virgin intermediate aggregate that the local Champaign, Illinois, ready-mix plant 
had was used; it was sourced from Kankakee, Illinois. With the exception of the virgin 
intermediate aggregate, all aggregates were provided to the ready-mix plant. All values reported 
here for the intermediate aggregate were provided by the ready-mix plant.  
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Table 5-1. Aggregate Properties Tested 
Test Standard 
Gradation ASTM C136 (2006) 
Unit Weight (Rodding Method) ASTM C29 (2009) 
Specific Gravity and Absorption 
Coarse: ASTM C127 (2007) 
Fine: ASTM C128 (2007) 
 
5.2.1.1 Aggregate Gradations 
The aggregate gradations were determined following ASTM C136 (2006) and are 
summarized in Table 5-2. The gradation for the virgin coarse aggregate is classified as Illinois 
Department of Transportation (IDOT) CA11. The gradation for the virgin intermediate aggregate 
meets the classification of an IDOT CA16. The FRAP gradation does not meet any IDOT 
classifications, although it is similar to a CA11 except that there is an excessive amount of 
aggregate passing the 1/2-inch (12.5-mm) sieve. The gradation for the RCA does not meet any 
IDOT classifications, although the closest classification is a CA7. The virgin fine aggregate 
gradation meets the gradation requirements for both IDOT FA01 and FA02. All aggregate 
gradations are also plotted in Figure 5-1. 
 
Table 5-2. Aggregate Gradations (Cumulative Percent Passing) 
Sieve Size 
Virgin 
Coarse 
Aggregate 
Coarse 
FRAP 
Coarse 
RCA 
Virgin 
Intermediate 
Aggregate  
Virgin Fine 
Aggregate 
1.5” 38.0 mm 100.0% 100.0% 100.0% 100.0% 100.0% 
1" 25.0 mm 100.0% 100.0% 84.2% 100.0% 100.0% 
3/4" 19.0 mm 89.4% 100.0% 55.4% 100.0% 100.0% 
5/8" 16.0 mm 64.8% 100.0% 40.0% 100.0% 100.0% 
1/2" 12.5 mm 33.7% 65.0% 21.5% 100.0% 100.0% 
3/8" 9.5 mm 12.4% 25.2% 9.0% 95.1% 100.0% 
1/4" 6.35 mm 2.5% 14.5% 3.9% 58.3% 99.8% 
#4 4.75 mm 1.6% 8.3% 3.8% 33.4% 99.5% 
#8 2.36 mm 1.2% 3.0% 3.8% 5.4% 90.6% 
#16 1.18 mm 1.2% 1.5% 3.7% 2.2% 66.6% 
#30 0.6 mm 1.2% 1.0% 3.7% -- 41.7% 
#50 0.3 mm 1.1% 0.7% 2.8% -- 11.9% 
#100 0.15 mm 1.0% 0.3% 1.4% -- 3.2% 
#200 0.075 mm 0.6% 0.1% 0.4% 1.4% 1.1% 
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Figure 5-1. A plot of the gradation for each aggregate. 
 
5.2.1.2 Aggregate Unit Weight 
The test for unit weight was conducted using the rodding method specified in ASTM C29 
(2009). All aggregates were tested in the oven-dry condition, with the exception of the FRAP, 
because the elevated temperatures risked melting the asphalt and agglomerating the FRAP 
particles. Instead, the FRAP was air-dried prior to conducting the unit weight test. The unit 
weight for each aggregate is shown in Table 5-3. As expected, the aggregate unit weight is lower 
for the recycled aggregates (FRAP and RCA) than for the virgin aggregates.  
 
Table 5-3. Average Unit Weight by Rodding Method for Each Aggregate Type 
  
Unit Weight 
(lb/ft
3
) 
Virgin Coarse Aggregate 95.9 
FRAP 94.8 
RCA 90.3 
Virgin Fine Aggregate 109.0 
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5.2.1.3 Aggregate Specific Gravity and Absorption 
The values for specific gravity (SG) and absorption are summarized in Table 5-4. The 
specific gravity was computed relative to the oven-dry (OD) and saturated surface-dry (SSD) 
conditions. As expected, the recycled aggregates (FRAP and RCA) result in lower values for 
specific gravity, mainly due to the asphalt on the FRAP and mortar on the RCA. In addition, the 
RCA had a rather high absorption, as expected, likely due to the presence of the mortar on the 
aggregate. The Relative SG (SSD) was used in the mix design procedure.  
 
Table 5-4. Aggregate Specific Gravity and Absorption Properties 
 
Virgin 
Coarse 
Aggregate 
Virgin 
Intermediate 
Aggregate 
FRAP RCA 
Virgin Fine 
Aggregate 
Relative SG (OD) 2.66 -- 2.50 2.33 2.64 
Relative SG (SSD) 2.71 2.67 2.54 2.45 2.69 
Apparent SG 2.79 -- 2.62 2.66 2.76 
Absorption 1.69% 2.1% 1.96% 5.40% 1.57% 
 
5.2.1.4 Asphalt Content 
The amount of asphalt on the FRAP was determined by weight using a centrifuge 
extraction technique, following AASHTO T164 (2011). The asphalt content, determined as the 
average of three tests, was found to be about 3.8%, as shown in Table 5-5.  
 
Table 5-5. Asphalt Content of FRAP by Centrifuge Extraction 
 1 2 3 Average 
Asphalt Content 4.03% 3.91% 3.34% 3.76% 
 
5.2.1.5 FRAP Gradation with Binder Removed 
After the asphalt binder was removed from the FRAP to determine the asphalt content, 
the remaining aggregate gradation was determined following ASTM C136 (2006). The gradation 
is shown in Table 5-6. Figure 5-2 compares the gradations of the FRAP (previously listed in 
Table 5-2) and the FRAP with the asphalt binder removed. As expected, the FRAP with asphalt 
removed has a greater cumulative amount passing a given sieve, as there is no longer asphalt 
binder on the aggregate.  
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Table 5-6. Gradation of FRAP After Binder Extraction (Cumulative Percent Passing) 
Sieve Size Test 1 Test 2 Test 3 Average 
5/8" 16.0 mm 100.0% 100.0% 100.0% 100.0% 
1/2" 12.5 mm 100.0% 99.4% 100.0% 99.8% 
3/8" 9.5 mm 94.8% 90.9% 92.5% 92.7% 
1/4" 6.35 mm 74.7% 66.0% 67.4% 69.4% 
#4 4.75 mm 57.1% 48.0% 48.0% 51.0% 
#8 2.36 mm 33.7% 25.2% 25.9% 28.3% 
#16 1.18 mm 21.2% 16.0% 16.8% 18.0% 
#30 0.6 mm 15.1% 11.8% 12.4% 13.1% 
#50 0.3 mm 10.6% 8.3% 8.8% 9.2% 
#100 0.15 mm 7.1% 5.3% 5.9% 6.1% 
#200 0.075 mm 4.0% 2.8% 3.3% 3.4% 
 
 
Figure 5-2. Comparison of gradations for the FRAP versus FRAP with the  
asphalt binder removed.  
 
5.2.1.6 Aggregate Mineralogy 
The aggregate mineralogy was determined using x-ray diffraction (XRD) on a powdered 
sample. The fine aggregate was ground using a mortar and pestle, while the coarse aggregate 
were powdered by using a disc pulverizer. Only the particles passing the #200 sieve (particles 
sizes ≤ 74 μm) were used in the XRD. Previous results (Brand et al. 2012) found that the virgin 
coarse aggregate and FRAP (with binder removed) are composed of dolomite, CaMg(CO3)2, and 
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the virgin fine aggregate is composed of dolomite and quartz (SiO2). Thus the only aggregates 
investigated for mineralogy were the virgin intermediate aggregate and the RCA.  
 A Siemens-Bruker D5000 XRD was used with copper (Cu) Kα radiation at 40 keV and 
30 mA. The machine was also outfitted with a graphite monochromator and a scintillation 
detector. A 0.5 cm
3
 sample size was examined at 2θ angles from 15° to 90° with an increment of 
0.02° and a scan speed of 1° per minute for the virgin intermediate aggregate and at 2θ angles 
from 5° to 90° with an increment of 0.02° and a scan speed of 0.7° per minute for the RCA. A 
low start angle was used for the RCA to see if there is any ettringite in the sample (ettringite has 
a strong low-angle peak at around 2θ = 9°). Using the same RCA source, Amirkhanian (2012) 
found that the RCA contains various coarse aggregates, such as dolomite and granite (which are 
likely from the coarse aggregates) and quartz (which is likely the fine aggregate).  
 It was found that the virgin intermediate aggregate was primarily dolomite CaMg(CO3)2 
with very few unidentified peaks (Figure 5-3 and Table 5-7). The remaining peaks are similar to 
the strong peaks for quartz SiO2, so it is possible that some quartz is present in the aggregate. 
However, data are insufficient to verify this definitively. 
 For the RCA, the primary phases identified were dolomite and quartz (Figure 5-4 and 
Table 5-8), which are likely due to the virgin coarse and fine aggregates present in the original 
concrete. There are a number of unidentified peaks, but the amount is insufficient to definitively 
identify them. It is possible that the remaining peaks are related to the cement hydration 
products; but because the RCA sample is primarily coarse aggregate (at least by visual 
inspection), then the powder sample likely contains only a little cementitious hydration products. 
Given that calcium silicate hydrate (C-S-H) has such a variable microstructure and chemical 
composition, it is possible that the remaining peaks are due to C-S-H, which can have a peak in 
the d-spacing range of 2.7-3.1 Å and around 1.8 Å (Taylor 1997). Thus the peaks at 3.200, 3.042, 
and 1.916 Å may be attributable to C-S-H.  
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Figure 5-3. XRD spectrum for the virgin intermediate aggregate. 
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Table 5-7. Identified Peaks and Phases for the Virgin Intermediate Aggregate 
Experimental Data Identified Phase(s) 
2θ 
(degrees) 
d (Å) 
Relative 
Intensity (%) 
Identified 
Phase 
d (Å) 
Relative 
Intensity (%) 
20.797 4.2675 2.0 – – – 
21.945 4.0470 2.0 Dolomite 4.0439 1.0 
23.963 3.7105 5.2 Dolomite 3.7081 4.0 
26.560 3.3533 7.7 – – – 
27.456 3.2459 1.4 – – – 
30.880 2.8933 100.0 Dolomite 2.8935 100.0 
33.459 2.6760 5.1 Dolomite 2.6746 4.0 
35.225 2.5457 5.6 Dolomite 2.5432 3.0 
37.335 2.4066 6.5 Dolomite 2.4077 7.0 
41.041 2.1974 19.5 Dolomite 2.1961 19.0 
42.381 2.1309 0.8 – – – 
43.738 2.0679 3.6 Dolomite 2.0677 3.0 
44.862 2.0187 12.4 Dolomite 2.0176 10.0 
49.277 1.8477 2.8 Dolomite 1.8494 3.0 
50.462 1.8070 15.2 Dolomite 1.8069 10.0 
51.019 1.7886 12.6 Dolomite 1.7890 13.0 
58.783 1.5695 2.2 Dolomite 1.5682 2.0 
59.758 1.5462 4.7 Dolomite 1.5460 4.0 
63.342 1.4671 4.3 Dolomite 1.4664 2.0 
64.479 1.4439 1.3 Dolomite 1.4447 2.0 
65.119 1.4313 2.2 Dolomite 1.4320 1.0 
67.360 1.3890 3.8 Dolomite 1.3896 2.0 
70.382 1.3366 2.1 Dolomite 1.3360 1.0 
72.778 1.2984 1.4 Dolomite 1.2979 1.0 
74.638 1.2706 1.7 Dolomite 1.2707 1.0 
76.915 1.2385 1.7 Dolomite 1.2382 1.0 
82.564 1.1675 1.3 Dolomite 1.1679 1.0 
86.565 1.1235 1.2 Dolomite 1.1234 1.0 
87.839 1.1105 3.3 Dolomite 1.1105 1.0 
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Figure 5-4. XRD spectrum for the RCA. 
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Table 5-8. Identified Peaks and Phases for RCA 
Experimental Data Identified Phase(s) 
2θ 
(degrees) 
d (Å) 
Relative 
Intensity (%) 
Identified 
Phase 
d (Å) 
Relative 
Intensity (%) 
20.795 4.2681 5.3 Quartz 4.2759 11.8 
21.951 4.0458 2.3 Dolomite 4.0440 2.5 
23.610 3.7652 2.7 – – – 
24.009 3.7034 6.2 Dolomite 3.7060 5.3 
26.523 3.3579 34.6 Quartz 3.3560 100.0 
27.857 3.2001 1.2 – – – 
29.336 3.0420 7.8 – – – 
30.859 2.8952 100.0 Dolomite 2.8931 100.0 
33.445 2.6770 4.7 Dolomite 2.6746 4.5 
35.219 2.5461 5.1 Dolomite 2.5442 5.5 
36.427 2.4644 2.0 Quartz 2.4635 7.3 
37.261 2.4111 7.4 Dolomite 2.4097 10.6 
39.337 2.2886 3.9 Quartz 2.2869 7.6 
41.039 2.1975 24.8 Dolomite 2.1967 26.8 
43.028 2.1004 1.2 – – – 
43.737 2.0680 3.6 Dolomite 2.0689 4.1 
44.840 2.0196 13.0 Dolomite 2.0191 13.8 
47.410 1.9160 1.3 – – – 
49.198 1.8504 3.9 Dolomite 1.8506 4.6 
50.023 1.8219 3.6 Quartz 1.8214 12.3 
50.460 1.8071 18.2 Dolomite 1.8069 16.4 
50.981 1.7898 16.2 Dolomite 1.7893 20.7 
54.722 1.6760 4.9 Quartz 1.6746 3.0 
58.831 1.5684 3.7 Dolomite 1.5690 3.4 
59.778 1.5458 5.9 Dolomite 1.5469 8.2 
63.324 1.4675 5.1 Dolomite 1.4671 5.8 
64.420 1.4451 2.7 Dolomite 1.4450 2.4 
65.057 1.4325 3.0 Dolomite 1.4321 3.0 
66.007 1.4142 2.1 Dolomite 1.4147 2.2 
67.360 1.3890 3.8 Dolomite 1.3902 7.0 
68.077 1.3761 2.7 Dolomite 1.3759 0.1 
70.380 1.3366 3.7 Dolomite 1.3360 3.1 
72.723 1.2992 1.5 Dolomite 1.2984 1.6 
74.620 1.2708 1.8 Dolomite 1.2709 2.3 
76.974 1.2377 2.4 Dolomite 1.2388 3.0 
82.543 1.1678 2.0 Dolomite 1.1680 1.9 
87.758 1.1113 2.4 Dolomite 1.1111 5.0 
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5.2.2 Mix Design 
A total of four mixes were developed for the slab testing. A fifth mix was also created by 
adding synthetic fibers on-site to one of the mixtures. Each mix had the same cementitious 
content (610 lb/yd
3
 cementitious with 55% Type I Portland cement, 35% Grade 100 ground 
granulated blast furnace slag, and 10% Class C fly ash) and water-to-cementitious ratio (w/cm) 
of 0.37. The specific gravities of each cementitious material were 3.15 (cement), 2.90 (slag), and 
2.68 (fly ash).  
The four concrete mixtures to be tested were virgin (control) concrete, concrete with 45% 
FRAP replacement of coarse aggregate, concrete with 100% RCA replacement of coarse 
aggregate, and concrete with total replacement of virgin coarse aggregate with a blend of 45% 
FRAP and 55% RCA. The concrete with 45% FRAP was the mix that had synthetic fibers added 
to it on-site. The four mix designs are shown in Table 5-9. The virgin (control) mix used 30% 
intermediate aggregate to produce a more optimized gradation. As can be noted, the total 
cementitious content, virgin fine aggregate, and water remained constant across all mixtures, 
while the total coarse aggregate content varied, which was due to the change in the specific 
gravity when the aggregates were blended. Each mix was designed to have the same volume of 
cementitious material, coarse aggregate, fine aggregate, and water. The mix was designed 
following the IDOT Portland Cement Concrete Technician Level III (IDOT PCC Level III) 
guide (IDOT 2009). All parameters were within the limits for IDOT Class PV (paving) concrete. 
The mixtures were designed based on the SSD condition of the aggregate, and the ready-mix 
concrete plant accounted for the moisture content of the aggregate relative to SSD and adjusted 
the added water amount accordingly. The blended aggregate material properties can be found in  
Table 5-10. Due to the lower specific gravities of the FRAP and RCA, the blended 
specific gravity values were reduced.  
Two admixtures were added to the truck at the ready-mix plant: one mid-range water 
reducer and an air-entrainer. At the ready-mix plant, the water reducer (Master Builders 
Pozzolith 80) was added at a dosage of 4 fl oz per 100 lb of cementitious material, and the air-
entrainer (Master Builders MB-AE 90) was added at a dosage of 1 fl oz per 100 lb of 
cementitious material. A high-range water reducer (superplasticizer, Master Builders PS 1466) 
was brought in the concrete trucks to be added to the concrete on-site, as needed, to obtain a 
workable concrete for slab casting.  
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Table 5-9. Mix Designs for Virgin and Recycled Aggregate Concretes (in lb/yd
3
) 
  
Virgin 
Mix 
45% 
FRAP 
100% 
RCA 
45:55% 
FRAP–RCA 
Total Cementitious 610.0 610.0 610.0 610.0 
  Cement 335.5 335.5 335.5 335.5 
  Slag 213.5 213.5 213.5 213.5 
  Fly Ash 61.0 61.0 61.0 61.0 
Total Coarse Aggregate (SSD) 1,867.9 1,822.3 1,696.2 1,724.9 
  
Virgin Coarse Aggregate, CA11 
(SSD) 
1,307.5 1,002.3 0.0 0.0 
  
Virgin Intermediate Aggregate, 
CA16 (SSD) 
560.4 0.0 0.0 0.0 
  FRAP (SSD) 0.0 820.0 0.0 776.2 
  RCA (SSD) 0.0 0.0 1,696.2 948.7 
Virgin Fine Aggregate (SSD) 1,216.9 1,216.9 1,216.9 1,216.9 
Water 226.4 226.4 226.4 226.4 
 
Table 5-10. Blended Coarse Aggregate Physical Properties per Mix 
  
Virgin Mix 45% FRAP 
100% 
RCA 
45-55% 
FRAP-RCA 
Blended Coarse 
Aggregate Specific 
Gravity (SSD) 
2.70 2.63 2.45 2.49 
 Sieve Size Blended Gradation 
1.5" 37.5 100.0% 100.0% 100.0% 100.0% 
1" 25.0 100.0% 100.0% 84.2% 91.3% 
3/4" 19.0 92.6% 94.2% 55.4% 75.5% 
5/8" 16.0 75.3% 80.6% 40.0% 67.0% 
1/2" 12.5 53.6% 47.8% 21.5% 41.1% 
3/8" 9.5 37.2% 18.2% 9.0% 16.3% 
1/4" 6.4 19.2% 7.9% 3.9% 8.7% 
#4 4.75 11.2% 4.7% 3.8% 5.9% 
#8 2.36 2.5% 2.1% 3.8% 3.4% 
#16 1.18 1.5% 1.3% 3.7% 2.7% 
#30 0.6 1.4% 1.1% 3.7% 2.4% 
#50 0.3 1.3% 0.9% 2.8% 1.9% 
#100 0.15 1.2% 0.7% 1.4% 0.9% 
#200 0.075 0.8% 0.4% 0.4% 0.3% 
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5.3 CONCRETE SLAB CONSTRUCTION 
5.3.1 Slab Specifications 
A total of 16 wood forms were constructed to cast the slabs. Each slab measured 6 x 6 ft 
square and 6 inch thick. Eight of the slabs were constructed full-depth. The other eight were two-
lift construction, with the bottom 4 inch of the slab consisting of the recycled aggregate concrete 
and the top 2 inch being typical virgin concrete (see Figure 5-5). The slab forms were marked at 
the 4-inch level for construction purposes (see Figure 5-6). As also seen in Figure 5-6, anchors 
were added in the sides of the forms to allow for lifting and moving the slabs after construction. 
Four anchors were used (two per side) with each anchor placed 1.5 ft from the slab corner.  
 
 
Figure 5-5. Two-lift concrete slab schematic. 
 
 
Figure 5-6. The two-lift construction slab forms were marked at the 4-inch level to show  
where to stop the first lift. 
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5.3.2 Slab Casting 
The slabs were constructed on May 17, 2012, in the late morning, at the University of 
Illinois Advanced Transportation Research Engineering Laboratory (ATREL) facility in Rantoul, 
Illinois. The National Weather Service data from Willard Airport in Champaign, Illinois, 
reported a maximum temperature of 79°F with average wind speeds of about 10 mph and gusts 
up to 20 mph. The day was predominantly sunny with very few clouds and no precipitation.  
A total of four concrete trucks arrived in the order and at the times specified in Table 
5-11. However, construction did not begin immediately upon the arrival of each truck. There 
were delays because the concrete discharge from the previous truck may not have been finished. 
In addition, prior to construction, a high-range water reducer (superplasticizer) was added to 
Trucks 1, 2, and 3 to improve the workability. One-half gallon of superplasticizer was added to 
Truck 1, and 1/4 gal. was added to Trucks 2 and 3. This corresponds to dosages of approximately 
2.5 fl oz per 100 lb cementitious for Truck 1 and 1.6 fl oz per 100 lb cementitious for Trucks 2 
and 3.  
 
Table 5-11. Truck Arrival Order and Time 
Truck 
Number 
Mix Description 
Approximate Arrival 
Time 
Concrete Amount 
(yd
3
) 
1 45% FRAP 10:00 a.m. 4.2 
2 100% RCA 10:30 a.m. 3.2 
3 45-55% FRAP-RCA 10:50 a.m. 3.2 
4 Virgin Concrete 11:10 a.m. 4.0 
 
As seen in Table 5-13, Slabs 1 through 4 were constructed using the concrete from Truck 
1, and then fibers were added to the mix for the construction of Slabs 5 and 6. A total of 11 lb of 
synthetic fibers was added to Truck 1, which correlated to an approximate dosage of 6.3 lb/yd
3
 
(0.43% by volume). The fibers used were Strux 90/40, which are a polypropylene/polyethylene 
synthetic macrofiber, 40 mm in length, with an aspect ratio of 90. Typical fiber dosage rates for 
this type of fiber in concrete slabs are 3 to 8 lb/yd
3
.  
The fresh properties of each concrete mix can be found in Table 5-12. The fresh 
properties reported were measured just prior to casting in the forms. The slump, air content, and 
fresh unit weight were measured following ASTM C143, C231, and C138, respectively. Despite 
having the same air-entrainer dosage, the 45% FRAP mix had a somewhat high air content 
relative to the other mixes, perhaps either due to the FRAP in the concrete, as has been noted by 
 243 
 
other researchers, or most likely due to the superplasticizer added to the concrete onsite and 
further mixing.  
 
Table 5-12. Fresh Properties of Each Concrete Mix 
Truck No. Description 
Slump 
(inch) 
Air Content 
(%) 
Unit Weight 
(lb/yd
3
) 
1 45% FRAP 7 8.5% 138.0 
1 45% FRAP with fibers 5 12% 133.8 
2 100% RCA 5 5.5% 139.4 
3 45-55% FRAP-RCA 5.5 6.0% 140.4 
4 Virgin 4.5 5.6% 147.2 
 
With the two-lift construction, the goal was to construct the top lift over a bottom lift 
within the time frame of 60 to 90 minutes. The arrival of the trucks was arranged such that it 
would be possible for the two-lift slabs to be constructed from Truck 1, with the required top lift 
concrete from Truck 4 arriving within that time span. Because the construction with Truck 1 was 
delayed (due to the superplasticizer addition requirement), the time span was further reduced. 
The longest delay between the bottom lift and the top lift addition was about 70 minutes for this 
project. The concrete slabs were constructed in the order shown in Table 5-13.  
The mix with the 45% FRAP mix arrived first, so those slabs were constructed first. As 
the last slab with 45% FRAP with fibers was constructed, the 100% RCA truck arrived; so those 
slabs were completed next. Third was the truck with the 45-55% FRAP-RCA mix. The final 
truck to arrive was the virgin concrete mix, and the top lifts were placed first in order to meet the 
time frame of 60 to 90 minutes. Thus, the top lifts were first placed over the slabs with the 45% 
FRAP in the bottom lift. The final slabs to be constructed were the full-depth virgin concrete. It 
should be noted that the truck ran out of concrete while the final full-depth virgin slab was being 
constructed, so the remnants of what was struck off from the top lift of the two-lift slabs was 
collected to complete the final slab (as a result, this slab was the first to be tested and was treated 
as a trial specimen).  
 
 
 
 
 244 
 
Table 5-13. Concrete Slab Casting Order, Content, and Description 
Slab 
Casting 
Order 
Type Description 
Bottom Lift 
Truck 
Top Lift 
Truck 
1 Full-Depth 45% FRAP Truck 1 – 
2 Full-Depth 45% FRAP Truck 1 – 
3 Two-Lift Virgin over 45% FRAP Truck 1 Truck 4 
4 Two-Lift Virgin over 45% FRAP Truck 1 Truck 4 
5 Two-Lift Virgin over 45% FRAP with fibers 
Truck 1 (with 
fibers) 
Truck 4 
6 Two-Lift Virgin over 45% FRAP with fibers 
Truck 1 (with 
fibers) 
Truck 4 
7 Full-Depth 100% RCA Truck 2 – 
8 Full-Depth 100% RCA Truck 2 – 
9 Two-Lift Virgin over 100% RCA Truck 2 Truck 4 
10 Two-Lift Virgin over 100% RCA Truck 2 Truck 4 
11 Full-Depth 45-55% FRAP-RCA Truck 3 – 
12 Full-Depth 45-55% FRAP-RCA Truck 3 – 
13 Two-Lift Virgin over 45-55% FRAP-RCA Truck 3 Truck 4 
14 Two-Lift Virgin over 45-55% FRAP-RCA Truck 3 Truck 4 
15 Full-Depth Virgin Truck 4 – 
16* Full-Depth Virgin Truck 4 – 
*Slab may have variable properties. 
 
The two-lift construction process followed was that the bottom lift would be placed, 
consolidated, and finished with a hand trowel (Figure 5-7). The top lift was then cast onto the 
existing bottom lift from the ready-mix truck chute (Figure 5-8). Special attention was given so 
as to not disturb or displace the bottom lift. Vibratory consolidation was used for the top lift, but 
only into the top 2 inch; special attention was given to avoid consolidating both layers together. 
The top lift was finished by screeding the surface (Figure 5-8) and then hand troweling as 
needed. For the full-depth slabs, the form was filled with concrete in one pour, consolidated, 
screeded, and then finished. Once the concrete had set, each slab was covered with wet burlap 
and plastic to provide additional moisture and prevent moisture loss. The burlap was rewetted 
after 24 hours and then re-covered with plastic. The slabs were demolded after 7 days and then 
stored outside until testing.  
Standard laboratory specimens were created for each of the four mixes and also for the 
mix with added fibers. The following specimens were created for each mixture: twenty-four 4 x 
8-in. cylinders, five 6 x 12-inch cylinders, three 6 x 6 x 21-inch beams, and three 80 x 150 x 700-
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mm beams (see Figure 5-9). After 24 hours, the specimens were demolded and stored in lime-
saturated water until testing.  
 
 
(a) 
 
(b) 
Figure 5-7. In the two-lift construction process, (a) the bottom lift was consolidated and then (b) 
hand-finished to the 4-inch level of the form. 
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(a) 
 
(b) 
 
(c) 
Figure 5-8. (a) Top lift concrete was cast onto the bottom lift, and (b) redistributed to cover the 
entire lift and consolidated; (c) finally, the top lift was screeded and finished. 
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Figure 5-9. Making companion specimens for each mix type.  
 
5.4 LABORATORY SPECIMEN TEST RESULTS 
The specimens were tested for compressive strength, split tensile strength, flexural 
strength, modulus of elasticity, and fracture energy. The testing ages, specimen sizes, and test 
specifications are summarized in Table 5-14. All specimens were tested at approximately the 
same time that the slabs were tested, which was 35 to 40 days after casting. All laboratory 
specimens were cured in lime-saturated water until the testing age.  
 
Table 5-14. Specimen Tests and Specifications 
Test Testing Age (days) Specimen Size Specification 
Compressive Strength 7, 14, 28, 35*, 90 4 x 8-inch cylinders AASHTO T22 (2007) 
Split Tensile Strength 28, 35*, 90 4 x 8-inch cylinders AASHTO T198 (2009) 
Flexural Strength 
(4-Point) 
35* 
6 x 6 x 21-inch 
beams 
AASHTO T97 (2003) 
Modulus of Elasticity 35* 
6 x 12-inch 
cylinders 
ASTM C469 (2010) 
Fracture Parameters 35* 
80 x 150 x 700-mm 
beams 
Jenq and Shah (1985), 
Hillerborg (1985) 
*Specimens were tested when the slabs were tested, which was around 35 days. 
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5.4.1 Compressive Strength 
The cylinders were removed from the lime-saturated water and tested at the ages 
specified in Table 5-14. A cylinder was placed between two rubber cap ends and tested to 
measure the peak load. The compressive strength (σc) was then computed as follows, where P is 
the peak load (in lb) and r is the radius of the cylinder (which is 2 inches): 
𝜎𝑐 =
𝑃
𝜋𝑟2
 (5-1)  
The compressive strengths are shown in Table 5-15 and Figure 5-10. As can be noted, the 
mixes with 45% FRAP and 45% FRAP with fibers both had the lowest compressive strengths, 
which was potentially due to the higher air content (as shown previously in Table 5-12). The 
virgin concrete had the highest compressive strength, as expected. The mix with 100% RCA mix 
had the second-highest compressive strength, and the mix with the FRAP-RCA blend had 
compressive strengths between the 45% FRAP and 100% RCA mixes.  
The percentage reduction in compressive strength for each mix relative to the virgin 
concrete is shown in Table 5-16. The addition of 45% FRAP reduced the compressive strength 
by about 45%, while the mix with fibers further reduced the strength to about 60%, both of 
which, again, are larger due to the higher air contents. Using 100% RCA reduced the strength by 
about 25 to 30%, and the blend of 45-55% FRAP-RCA resulted in a reduction of about 40%. The 
maximum reduction in strength for the various recycled concrete mixtures relative to the virgin 
aggregate mixture occurred by the age of 7 days, and this reduction remained constant at later 
ages. 
IDOT requires a minimum compressive strength of 3,500 psi at 14 days for paving 
concrete (IDOT 2012). At 14 days, only two of the mixes passed this requirement: 100% RCA 
and virgin. At the time of slab testing (~35 days), all mixes had surpassed 3,500 psi except for 
the 45% FRAP with fibers mix.  
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Table 5-15. Compressive Strength Versus Age Results for All Concrete Mixtures 
Truck 
Number 
Mix 
Age 
(days) 
Compressive Strength (psi) Coefficient 
of Variation 
(COV) 1 2 3 Average 
1 
45% 
FRAP 
7 2,378 2,353 2,362 2,364 0.5% 
14 2,847 2,867 2,929 2,881 1.5% 
28 3,547 3,291 3,333 3,390 4.1% 
38 3,703 3,450 3,350 3,501 5.2% 
90 4,110 3,807 3,893 3,937 4.0% 
1 
45% 
FRAP + 
fibers 
7 1,600 1,485 1,667 1,584 5.8% 
14 2,168 1,835 2,135 2,046 9.0% 
28 2,389 2,516 2,187 2,364 7.0% 
37 2,415 2,425 2,632 2,491 4.9% 
90 3,048 2,850 3,204 3,034 5.8% 
2 
100% 
RCA 
7 2,984 3,012 2,970 2,988 0.7% 
14 3,780 3,925 3,863 3,856 1.9% 
28 4,164 4,225 4,354 4,248 2.3% 
35 4,394 4,754 4,795 4,648 4.7% 
90 5,373 5,789 5,294 5,485 4.9% 
3 
45-55% 
FRAP-
RCA 
7 2,568 2,471 2,349 2,463 4.4% 
14 3,179 3,083 3,067 3,110 1.9% 
28 3,737 3,646 3,512 3,632 3.1% 
38 3,637 3,645 3,856 3,713 3.3% 
90 4,291 4,183 3,920 4,131 4.6% 
4 
Virgin 
Concrete 
7 4,134 4,298 4,162 4,198 2.1% 
14 5,289 5,484 5,147 5,307 3.2% 
28 5,956 5,980 6,365 6,101 3.8% 
35 6,055 6,446 6,240 6,247 3.1% 
90 7,058 6,805 7,662 7,175 6.1% 
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Figure 5-10. Compressive strength versus age for all concrete mixtures.  
 
Table 5-16. Percent Reduction in Compressive Strength Relative to Virgin Concrete 
Truck 
Number 
Mix 
Age 
(days) 
Average 
Compressive 
Strength (psi) 
Percent 
Difference from 
Virgin Concrete 
1 45% FRAP 
7 2,364 –43.7% 
14 2,881 –45.7% 
28 3,390 –44.4% 
38 3,501 –44.0% 
90 3,937 –45.1% 
1 
45% FRAP 
with fibers 
7 1,584 –62.3% 
14 2,046 –61.4% 
28 2,364 –61.2% 
37 2,491 –60.1% 
90 3,034 –57.7% 
2 100% RCA 
7 2,988 –28.8% 
14 3,856 –27.3% 
28 4,248 –30.4% 
35 4,648 –25.6% 
90 5,485 –23.5% 
3 
45-55% 
FRAP-RCA 
7 2,463 –41.3% 
14 3,110 –41.4% 
28 3,632 –40.5% 
38 3,713 –40.6% 
90 4,131 –42.4% 
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5.4.2 Split Tensile Strength 
The split tensile strength was measured at 28 days, when the slabs were tested (~35 
days), and at 90 days. The split tensile strength (σsp) was calculated from the peak load (P) as 
follows, where D is the cylinder diameter (4 inches) and L is the cylinder length (8 inches): 
𝜎𝑠𝑝 =
2𝑃
𝜋𝐿𝐷
 (5-2)  
The split tensile strength results are shown in Table 5-17. As with the compressive 
strength results, the recycled aggregate concretes had lower strengths than the virgin aggregate 
concrete. For all concrete specimens, the strength was reduced from 28 to ~35 days. One 
potential reason for this reduction is that the specimens at ~35 days were tested on a new testing 
apparatus. There was only a slight increase in split tensile strength from 28 to 90 days. 
Considering the reduction in tensile strength relative to the virgin concrete ( 
Table 5-18), it can be seen that the 45% FRAP mix reduces the strength by about 30%, 
while the mix with fibers has a reduction upwards of 40 to 50%. The 100% RCA mix has a 
strength reduction of about 25%, and the 45:55% FRAP–RCA mix reduced the strength by about 
25 to 30%. At later ages (90 days), it can be seen that the reduction in split tensile strength was 
similar for all mixes except for the mix with fibers.  
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Table 5-17. Split Tensile Strength Versus Age Results for All Concrete Mixtures 
Truck 
Number 
Mix 
Age 
(days) 
Split Tensile Strength (psi) Coefficient of 
Variation (COV) 1 2 3 Average 
1 45% FRAP 
28 378 407 468 417 11.0% 
38 347 405 357 370 8.4% 
90 508 436 559 501 12.3% 
1 
45% FRAP 
with fibers 
28 352 355 356 355 0.6% 
37 304 392 249 315 22.8% 
90 333 338 413 362 12.4% 
2 100% RCA 
28 521 462 546 510 8.5% 
35 367 377 405 383 5.1% 
90 526 505 543 525 3.6% 
3 
45-55%       
FRAP-RCA 
28 442 434 448 441 1.6% 
38 397 412 412 407 2.1% 
90 505 501 484 497 2.2% 
4 Virgin 
28 633 609 500 581 12.3% 
35 568 532 485 528 7.9% 
90 719 674 697 697 3.3% 
 
Table 5-18. Percentage Reduction in Split Tensile Strength Relative to Virgin Concrete 
Truck 
Number 
Mix 
Age 
(days) 
Average Split 
Tensile 
Strength (psi) 
Percent 
Difference from 
Virgin Concrete 
1 45% FRAP 
28 417 –28.1% 
38 370 –30.0% 
90 501 –28.1% 
1 
45% FRAP 
with fibers 
28 355 –38.9% 
37 315 –40.4% 
90 362 –48.1% 
2 100% RCA 
28 510 –12.2% 
35 383 –27.5% 
90 525 –24.7% 
3 
45-55       
FRAP-RCA 
28 441 –24.0% 
38 407 –23.0% 
90 497 –28.7% 
 
5.4.3 Flexural Strength 
The flexural strength was measured with a beam under four-point (third-point) loading. 
The beams were tested at the approximate age of the slab testing (~35 days). The flexural 
strength (or modulus of rupture, MOR) was computed from the peak load (P), the span length (L, 
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18 inches) the height of the specimen (h, ~6 inches), and the thickness of the specimen (b, ~6 
inches): 
𝑀𝑂𝑅 =
𝑃𝐿
𝑏ℎ2
 (5-3)  
After each beam was ruptured, the thickness and height of the beam were measured. The flexural 
strengths for each mix are shown in Table 5-19. The third beam for a few of the mixtures broke 
before usable data could be recorded.  
The IDOT specification for flexural strength is 650 psi by center-point loading (IDOT 
2012). Assuming that center-point loading yields flexural strengths that are 15% greater than 
third-point loading (Ozyildirim and Carino 2006), the only mix that did not pass the IDOT 
strength requirement was the 45% FRAP with fibers mix. It should be noted that IDOT specifies 
this strength requirement at an age of 14 days, while these specimens were tested around 35 
days. Similar to the split tensile strength reductions, the flexural strength reductions (relative to 
the virgin concrete) were similar for all mixes except for the mix with fibers. The strength 
reductions were: 26% for the 45% FRAP mix, 43% for the 45% FRAP with fibers mix, 27% for 
the 100% RCA mix, and 25% for the 45-55% FRAP-RCA mix.  
Images of the fracture surfaces are shown in Figure 5-11. As can be seen, the failure 
crack mainly propagated through the virgin coarse aggregates and RCA. For the FRAP particles, 
rather, the crack appeared to propagate around the particle or through the asphalt film. For the 
mix with fibers, the majority of fibers can be seen to have pulled out rather than ruptured.  
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Table 5-19. Flexural Strength Versus Age Results for All Concrete Mixtures 
Truck 
Number 
Mix 
Age 
(days) 
Span 
Length, 
L (inch) 
Thickness, 
b (inch) 
Height, 
h 
(inch) 
Peak 
Load, P 
(lb) 
MOR 
(psi) 
Average 
MOR 
(psi) 
COV 
1 
45% 
FRAP 
38 18 6.13 6.13 7,085.0 555.0 
584 2.9% 38 18 6.13 6.13 7,818.0 612.4 
38 18 – – N/A N/A 
1 
45% 
FRAP 
with fibers 
37 18 6.38 6.13 6,169.0 464.3 
451 7.0% 37 18 6.25 6.06 5,992.0 469.5 
37 18 6.38 6.19 5,686.0 419.3 
2 
100% 
RCA 
35 18 6.25 6.13 7,554.0 579.9 
574 6.1% 35 18 6.13 6.06 7,096.0 567.4 
35 18 – – N/A N/A 
3 
45-55% 
FRAP-
RCA 
38 18 6.00 6.19 8,029.0 629.1 
593 1.5% 38 18 6.13 6.13 7,815.0 612.2 
38 18 6.25 6.13 7,021.0 539.0 
4 Virgin 
35 18 6.25 6.13 10,457.0 802.8 
786 8.1% 35 18 6.19 6.13 9,930.0 770.0 
35 18 – – N/A N/A 
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45% FRAP 
 
45% FRAP with fibers 
 
100% RCA 
 
45% FRAP and 55% RCA 
 
Virgin Concrete 
Figure 5-11. Fracture surfaces of the flexural strength specimens. 
 
5.4.4 Modulus of Elasticity 
The modulus of elasticity was measured using 6 x 12-inch cylinders. The cylinder was 
placed between two rubber end caps, and a compressionmeter was then attached (see Figure 
5-12). A longitudinal strain gage was used to compute the modulus of elasticity.  
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Figure 5-12. Test setup for the modulus of elasticity measurement.  
 
From the longitudinal strain gage data, the modulus of elasticity (E) was computed as 
follows, where S2 is the stress at approximately 40% of the compressive strength, S1 is the stress 
at longitudinal strain ε1, and ε2 is the longitudinal strain at stress S2.  
𝐸 =
𝑆2 − 𝑆1
𝜀2 − 𝜀1
=
𝑆2 − 𝑆1
𝜀2 − 0.000050
 (5-4)  
By ASTM C469 (2010), ε1 is selected as 0.000050. 
Each cylinder was initially tested twice to confirm that usable data was being recorded. 
Afterwards, the cylinder was tested three times and then averaged. The modulus of elasticity 
results are shown in Table 5-20. As can be seen, the recycled concrete mixes had a lower 
modulus than the virgin concrete. The mix with FRAP and fibers had the lowest modulus due to 
the FRAP aggregate and high air content. The modulus reductions relative to the virgin mix were 
25% for the 45% FRAP mix, 41% for the 45% FRAP with fibers mix, 19% for the 100% RCA 
mix, and 39% for the 45-55% FRAP-RCA mix. 
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Table 5-20. Modulus of Elasticity Results for All Concrete Mixtures 
Mix 
Specimen 
Number 
Age 
(days) 
Modulus of Elasticity (psi) 
Average per 
Cylinder 
Average 
Modulus (psi) 
45% 
FRAP 
1 35 4.32E6 4.31E6 4.32E6 4.32E6 
4.22E+06 2 35 4.13E6 4.14E6 4.13E6 4.13E6 
3 35 4.14E6 4.24E6 4.23E6 4.21E6 
45% 
FRAP 
with 
fibers 
1 35 3.65E6 3.68E6 3.64E6 3.66E6 
3.31E+06 2 35 3.18E6 3.20E6 3.18E6 3.19E6 
3 35 3.10E6 3.06E6 3.10E6 3.09E6 
100% 
RCA 
1 35 4.48E6 4.48E6 4.47E6 4.48E6 
4.51E+06 2 35 4.41E6 4.41E6 4.40E6 4.40E6 
3 35 4.66E6 4.64E6 4.68E6 4.66E6 
45-55% 
FRAP-
RCA 
1 35 3.52E6 3.51E6 3.50E6 3.51E6 
3.43E+06 2 35 3.51E6 3.51E6 3.48E6 3.50E6 
3 35 3.31E6 3.26E6 3.27E6 3.28E6 
Virgin 
1 35 5.57E6 5.54E6 5.51E6 5.54E6 
5.60E+06 2 35 5.60E6 5.48E6 5.48E6 5.52E6 
3 35 5.74E6 5.73E6 5.75E6 5.74E6 
 
5.4.5 Fracture Energy 
The fracture parameters were determined based on the two-parameter fracture model 
(TPFM) by Jenq and Shah (1985). The total fracture energy was evaluated based on the method 
from Hillerborg (1985). The beam specimens measured 80 x 150 x 700 mm and were tested at a 
span length of 600 mm with a 50-mm notch cut into the middle of the beam. The specimen was 
simply supported and loaded by center-point over the notch. Loading was conducted at a 
constant crack mouth opening displacement (CMOD). Initially, the beam was loaded 
monotonically until the peak load, then unloaded at about 95% peak load (to obtain compliance 
data) and the beam was finally reloaded until specimen failure.  
To measure the CMOD, two knife edges were epoxied on opposite sides of the beam 
notch. A clip gage was then attached to the knife edges (see Figure 5-13a). Because the crack 
mouth extends greater than the capacity of the clip gage with fiber-reinforced concrete, a yo-yo 
gage was used also (see Figure 5-13b).  
 
 258 
 
 
(a) 
 
(b) 
Figure 5-13. (a) For the mixes without fibers, a clip gage was used to measure CMOD across the 
notch. (b) For the fiber-reinforced FRAP mix, both a clip gage and a yo-yo gage were used. 
 
From the load-CMOD curve, the initial loading (Ci) and unloading (Cu) compliances can 
be computed, which are the inverse of the load-CMOD slope. The initial loading compliance was 
computed from the slope of the line from 20 to 50% of the peak load. Similarly, the unloading 
compliance was computed from the slope of the line from 10 to 80% of the peak load. To 
compute the fracture properties, the initial stiffness (Ei) is computed as follows, where S is the 
span length (600 mm), g2(α) is a function of the notch depth (a0), the knife-edge thickness (H, 6 
mm), and the beam depth (b, 150 mm), Ci is the initial compliance, and t is the beam thickness 
(80 mm):  
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𝐸𝑖 =
6𝑆𝑎0[𝑔2(𝛼0)]
𝐶𝑖𝑏2𝑡
 (5-5)  
𝑔2(𝛼0) = 0.76 − 2.28𝛼0 + 3.87𝛼0
2 − 2.04𝛼0
3 +
0.66
(1 − 𝛼0)2
 (5-6)  
𝛼0 =
𝑎0 + 𝐻
𝑏 + 𝐻
 (5-7)  
The unloading stiffness (Eu) is similarly computed, where ac is the unknown critical crack length 
and Cu is the unloading compliance: 
𝐸𝑢 =
6𝑆𝑎𝑐[𝑔2(𝛼𝑐)]
𝐶𝑢𝑏2𝑡
 (5-8)  
𝑔2(𝛼𝑐) = 0.76 − 2.28𝛼𝑐 + 3.87𝛼𝑐
2 − 2.04𝛼𝑐
3 +
0.66
(1 − 𝛼𝑐)2
 (5-9)  
𝛼𝑐 =
𝑎𝑐 + 𝐻
𝑏 + 𝐻
 (5-10)  
Because the critical crack length is the only unknown, the stiffness functions are set to be equal 
(Ei = Eu) to determine the critical crack length at the peak load, ac. Once ac is known, the critical 
stress intensity factor (KIc) can be computed as follows, where Pmax is the peak load, W0 is the 
weight of the beam, L is the beam length (700 mm), and g1(ac/b) is a function of ac and b: 
𝐾𝐼𝑐 = 3 [𝑃𝑚𝑎𝑥 + 0.5
𝑊0𝑆
𝐿
] [
𝑆(𝜋𝑎𝑐)
1/2𝑔1(𝑎𝑐/𝑏)
2𝑏2𝑡
] (5-11)  
𝑔1 (
𝑎𝑐
𝑏
) =
1.99 − (𝑎𝑐/𝑏)(1 − 𝑎𝑐/𝑏)(2.15 − 3.93(𝑎𝑐/𝑏) + 2.7(𝑎𝑐/𝑏)
2)
√𝜋(1 + 2(𝑎𝑐/𝑏))(1 − (𝑎𝑐/𝑏))3/2
 (5-12)  
The critical crack tip opening displacement (CTODc) at the critical crack length can also be 
computed, where β=a0/ac:  
𝐶𝑇𝑂𝐷𝑐 =
6𝑆𝑎𝑐𝑔1(𝑎𝑐/𝑏)
𝐸𝑏2𝑡
(𝑃𝑚𝑎𝑥
+ 0.5
𝑊0𝑆
𝐿
) [(1 − 𝛽)2 + (1.081 − 1.149(𝑎𝑐/𝑏))(𝛽 − 𝛽
2)]1/2 
(5-13)  
The initial fracture energy (GIc) can then be determined as a function of KIc and E: 
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𝐺𝐼𝑐 =
(𝐾𝐼𝑐)
2
𝐸
 (5-14)  
The total fracture energy (GF) is computed based on the area (A) under the load-CMOD curve, 
ligament area, and δf, which is the displacement (CMOD) at failure with zero load: 
𝐺𝐹 =
𝐴 +
𝑊0𝑆
𝐿 𝛿𝑓
(𝑏 − 𝑎0)𝑡
 (5-15)  
The measured fracture parameters for the five concrete mixtures can be found in Table 
5-21, including the average and coefficient of variation (COV). The ranking of the peak load of 
each mixture was similar to the strength results in that the virgin mix had the highest peak load, 
followed by the RCA mix, the FRAP-RCA blend mix, and then the FRAP and FRAP with fibers 
mixes. The critical stress intensity factor is reduced for all recycled aggregate mixes relative to 
the virgin mix. The critical crack tip opening displacement results for all mixtures were in the 
same range. The initial fracture energy, a measurement of the energy dissipated per unit of newly 
created fracture surface area, is decreased for all recycled aggregate mixes relative to the virgin 
mix. The total fracture energy is slightly higher for all mixes relative to the virgin. As expected, 
the total fracture energy is significantly increased with the presence of fibers. One of the total 
fracture energy values is not included in the average for the RCA mix because it was 
significantly less than the other values.  
A t-test was performed on the fracture parameters to determine the statistical significance 
of the results, as the recycled aggregate values were very similar to the virgin mix. Statistical 
significance was based on a p-value of 0.05. The results can be found in Table 5-22. The mix 
with the most statistical significance is the 45% FRAP with fibers mix, which is statistically 
different relative to the virgin mix for the peak load, critical stress intensity factor, and total 
facture energy. Otherwise, the only other statistically significant value is the peak load for the 
45% FRAP mix.  
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Table 5-21. Concrete Fracture Properties from Single-Edge Notched Beams 
Peak Load Pmax (kN) 
Mix 1 2 3 Average COV 
45% FRAP 2.98 2.95 2.56 2.83 8.3% 
45% FRAP with fibers 2.46 2.25 2.46 2.39 5.0% 
100% RCA 3.41 2.70 3.42 3.18 13% 
45-55 FRAP-RCA 3.34 3.28 2.83 3.15 8.9% 
Virgin 3.56 3.92 3.23 3.57 9.8% 
Critical Stress Intensity Factor KIc (MPa-m
1/2
) 
Mix 1 2 3 Average COV 
45% FRAP 0.866 0.829 1.000 0.898 10% 
45% FRAP with fibers 0.697 0.767 0.818 0.760 8.0% 
100% RCA 1.078 0.883 0.897 0.953 11% 
45-55 FRAP-RCA 0.951 1.031 0.777 0.920 14% 
Virgin 1.265 1.229 0.946 1.146 15% 
Critical Crack Tip Opening Displacement CTODc (mm) 
Mix 1 2 3 Average COV 
45% FRAP 0.0182 0.0137 0.0294 0.0205 40% 
45% FRAP with fibers 0.0178 0.0203 0.0232 0.0205 13% 
100% RCA 0.0211 0.0137 0.0133 0.0160 27% 
45-55 FRAP-RCA 0.0177 0.0194 0.0158 0.0177 10% 
Virgin 0.0219 0.0216 0.0139 0.0191 24% 
Initial Fracture Energy GIc (N/m) 
Mix 1 2 3 Average COV 
45% FRAP 34.50 28.76 46.64 36.63 25% 
45% FRAP with fibers 26.93 29.30 32.98 29.74 10% 
100% RCA 43.66 28.34 33.06 35.02 22% 
45-55 FRAP-RCA 40.05 44.79 30.57 38.47 19% 
Virgin 49.52 50.36 32.93 44.27 22% 
Total Fracture Energy GF (N/m) 
Mix 1 2 3 Average COV 
45% FRAP 72.90 72.53 81.63 75.68 6.8% 
45% FRAP with fibers 2879 2464 4236 3193 29% 
100% RCA 84.55 52.72* 84.44 84.49 0.1% 
45-55 FRAP-RCA 84.47 95.94 72.54 84.32 14% 
Virgin 79.49 73.36 68.68 73.84 7.3% 
*Not included in average 
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Table 5-22. Statistical Significance of the Fracture Properties from SENB 
Peak Load [kN] 
Mix Average St. Dev. 
Degrees of 
Freedom 
Sp
2 
t value p value 
Statistically 
Significant? 
Virgin 3.57 0.348 – – – – – 
45% FRAP 2.83 0.235 4 0.0881 3.06 0.03750 Yes 
45% FRAP w/ fibers 2.39 0.118 4 0.0676 5.56 0.00513 Yes 
100% RCA 3.18 0.414 4 0.1460 1.26 0.27600 No 
45-55 FRAP-RCA 3.15 0.280 4 0.1000 1.62 0.18000 No 
Stress Intensity Factor [MPa*m
1/2
] 
Mix Average St. Dev. 
Degrees of 
Freedom 
Sp
2
 t value p value 
Statistically 
Significant? 
Virgin 1.146 0.175 – – – – – 
45% FRAP  0.898 0.090 4 0.0193 2.18 0.094 No 
45% FRAP w/ fibers 0.760 0.061 4 0.0171 3.62 0.0224 Yes 
100% RCA 0.953 0.109 4 0.0212 1.63 0.178 No 
45-55 FRAP-RCA 0.920 0.130 4 0.0237 1.80 0.146 No 
Critical Crack Tip Opening Displacement [mm] 
Mix Average St. Dev. 
Degrees of 
Freedom 
Sp
2
 t value p value 
Statistically 
Significant? 
Virgin 0.0191 0.0046 – – – – – 
45% FRAP 0.0205 0.0081 4 4.3E-5 0.249 0.815 No 
45% FRAP w/fibers 0.0205 0.0027 4 1.4E-5 0.438 0.684 No 
100% RCA 0.0160 0.0044 4 2.0E-5 0.849 0.444 No 
45-55 FRAP-RCA 0.0177 0.0018 4 1.2E-5 0.511 0.637 No 
Initial Fracture Energy [N/m] 
Mix Average St. Dev. 
Degrees of 
Freedom 
Sp
2
 t value p value 
Statistically 
Significant? 
Virgin 44.3 9.83 – – – – – 
45% FRAP 36.6 9.13 4 90.0 0.986 0.380 No 
45% FRAP w/fibers 29.7 3.05 4 53.0 2.45 0.0708 No 
100% RCA 35.0 7.85 4 79.1 1.27 0.272 No 
45-55 FRAP-RCA 38.5 7.24 4 74.5 0.823 0.457 No 
Total Fracture Energy [N/m] 
Mix Average St. Dev. 
Degrees of 
Freedom 
Sp
2
 
t 
value 
p value 
Statistically 
Significant? 
Virgin 73.8 5.42 – – – – – 
45% FRAP 75.7 5.15 4 28.0 0.427 0.692 No 
45% FRAP w/ fibers 3193 927 4 429,565 5.83 0.004 Yes 
100% RCA 84.5 0.0791 3 19.6 2.63 0.078 No 
45-55 FRAP-RCA 84.3 11.7 4 83.2 1.41 0.232 No 
 
Images of the fracture surfaces of all of the SENB specimens can be found in Figure 5-14 
and Figure 5-15. As can be seen, the mixes with FRAP have a more tortuous failure path, while 
the virgin concrete and 100% RCA mixes have a more planar path to the surface. The fracture 
surface was mapped at 5-cm intervals along the length of each specimen (Figure 5-16). The 
angle of the crack was then measured from the crack initiation at the notch to the crack 
termination at the surface of the beam (Table 5-23), which revealed that the virgin mix had the 
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most vertical crack, while the recycled aggregate mixes had values that deviated more from 
vertical path. 
 
 
45% FRAP (Specimen 1) 
 
45% FRAP (Specimen 2) 
 
45% FRAP (Specimen 3) 
 
45% FRAP with fibers (Specimen 1) 
 
45% FRAP with fibers (Specimen 2) 
 
45% FRAP with fibers (Specimen 3) 
Figure 5-14. SENB fracture surfaces for the FRAP and FRAP with fibers mixes. 
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100% RCA (Specimen 1) 
 
100% RCA (Specimen 2) 
 
100% RCA (Specimen 3) 
 
45-55 FRAP-RCA (Specimen 1) 
 
45-55 FRAP-RCA (Specimen 2) 
 
45-55 FRAP-RCA (Specimen 3) 
 
Virgin Concrete (Specimen 1) 
 
Virgin Concrete (Specimen 2) 
 
Virgin Concrete (Specimen 3) 
Figure 5-15. SENB fracture surfaces for the RCA, FRAP–RCA, and virgin concrete mixes. 
 265 
 
Figure 5-16. Side profile of the crack path from the SENB specimens.  
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Table 5-23. Crack Angle from Vertical for Each SENB Specimen 
Mix 
Angle of Crack (degrees) 
Specimen 1 Specimen 2 Specimen 3 
45% FRAP 4.0 0.6 7.1 
45% FRAP with fibers 2.6 7.1 4.5 
100% RCA 5.7 4.3 1.1 
45-55% FRAP-RCA 2.3 3.0 6.8 
Virgin 1.8 1.1 3.0 
 
Previous studies have shown that the fracture energy of concrete with up to 50% FRAP 
may not be statistically different than the control concrete (Brand et al. 2012). Using 100% RCA, 
other studies have generally found reductions in KIc and fracture energy relative to virgin 
concrete (Casuccio et al. 2008; Bordelon et al. 2009; Butler 2012). High variation in fracture 
energy results may suggest that the relative differences are not statistically significant (Butler 
2012). However, other studies have found an increase in total fracture energy with RCA (Kou 
2006; Amirkhanian 2012), and there is some evidence to suggest that the addition of fly ash may 
further increase the total fracture energy at later ages (Kou 2006). Butler (2012) found a 
correlation between the total fracture energy and the RCA aggregate crushing value in that 
higher strength (higher quality) aggregates resulted in higher concrete fracture energies. 
Therefore the resultant higher fracture energy found in this study may be due to perhaps the RCA 
source and quality and/or the use of supplementary cementitious materials.  
In the literature, a few studies have examined the fracture energy of concrete with a poor 
or weakened bond, similar to the case with FRAP and RCA. By coating mullite spheres with a 
release agent to study a weakened bond, Elices and Rocco (2008) found that the total fracture 
energy of the concrete is relatively unaffected between the coated and uncoated samples, 
although the uncoated aggregate concrete was more brittle, as indicated by the computed 
brittleness number. Similarly, Guinea et al. (2002) removed/reduced the cement-aggregate bond 
(by coating crushed aggregates in paraffin wax, bitumen emulsion, or epoxy resin) and found 
that the total fracture energy of the concrete was relatively unaffected, even though the bitumen 
emulsion and paraffin significantly reduced the concrete’s strength properties. Also by coating 
the aggregates in paraffin wax, Prokopski and Halbiniak (2000) found significant reductions in 
the KIc and CTODc values of the concrete relative to the control concrete. Chandler et al. (2002) 
found that wax-coated sand in mortar increased the apparent fracture toughness with increasing 
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crack extension, despite the weakened bond, which the authors attributed to grain bridging and 
grain pinning.  
Based on the previous literature, though not directly studying the same concrete 
materials, it is evident that concrete with poor aggregate bonds can result in similar or greater 
fracture energy to virgin concrete. One likely explanation is that the poor bond forces the failure 
cracks to propagate around the aggregates (through the weak interfacial transition zone), thereby 
increasing the total energy dissipated (work of fracture) through the creation of more fracture 
surface area.  
 
5.4.6 Laboratory Supplement (Normal Air Content Concrete with FRAP)  
Given that the concrete air content was rather high for the mixes with 45% FRAP (seen 
previously in Table 5-12), the mixes with and without fibers were mixed in the laboratory in the 
fall 2012 to obtain more representative fracture properties with a lower air content. The mix 
design and proportions were the same as the one used to create the slabs (shown previously in 
Table 5-9). The same aggregates were used, as well as the same cement, slab, and fly ash 
sources. However, different chemical admixtures and dosages were used, specifically the air 
entrainment was Grace Daravair 1400 and the mid-range water reducer was Grace WRDA 82. 
For the 45% FRAP mix without fibers, the dosages were: 1 fl oz per 100 lb cementitious for the 
air entrainment and 4 fl oz per 100 lb cementitious for the water reducer. Because a higher slump 
was needed for the 45% FRAP mix with fibers, more water reducer was used but less air 
entrainment: 0.9 fl oz per 100 lb cementitious for the air entrainment and 8 fl oz per 100 lb 
cementitious for the water reducer.  
For each of the two mixes, two concrete batches were made to cast all of the required 
specimens. Each batch was mixed separately and then blended together manually before filling 
the molds. The fresh properties of each mix can be found in Table 5-24. The air contents of the 
laboratory mixtures were more consistent with the other slab mixes; but the workability was 
significantly less, resulting in some poor consolidation in a few specimens. For each of the two 
mixes, the following specimens were cast: four 80 x 150 x 700 mm beams for SENB fracture 
energy testing, three 4 x 8-inch cylinders for compressive strength testing, and three 6 x 6 x 21 
inch beams for flexural strength testing. All specimens were cast, cured in the molds for 24 
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hours, demolded, and then stored in lime-saturated water until testing at 39 days (which was the 
age of testing for the previous fracture energy SENB and DCT specimens). 
  
Table 5-24. Fresh Properties for the Laboratory Supplement FRAP Mixes 
Mix 
45% FRAP 45% FRAP with fibers 
Batch 1 Batch 2 Batch 1 Batch 2 
Slump (inch) 1-3/4 2 1-1/4 1-1/4 
Unit Weight 
(lb/ft
3
) 
144.4 144.6 143.6 143.2 
Air Content (%) 5.9% 5.4% 5.2% 5.6% 
 
The fracture properties and compressive strength were evaluated in the manner discussed 
above. For the 45% FRAP mixes, the 6 x 6 x 21-inch beams were used to determine the flexural 
strength (using the same method as previously discussed). The compressive and flexural strength 
results are shown in Table 5-25, and the fracture results are in Table 5-26.  
As can be seen, with normal air contents, the compressive strength was significantly 
greater than the previous result. The compressive strength for both supplement mixes was about 
10% less than for the virgin aggregate concrete. The flexural strengths were significantly greater 
than the previous field results. The virgin concrete had a field-molded flexural strength of 786 
psi. Previous results by Brand et al. (2012) had found that mixes with 50% FRAP had a flexural 
strength 577 psi at 28 days. A t-test was performed on the supplement fracture properties, which 
revealed the only statistically different parameters were total fracture energy comparing the 45% 
FRAP supplement to virgin concrete (p=0.000132) and comparing initial fracture energy (p = 
0.0428) and CTODc (p = 0.0277) of the 45% FRAP with fibers supplement to virgin concrete. 
Otherwise, all other fracture parameters were not statistically different compared to the virgin 
concrete, except the expected higher total fracture energy for FRAP with fiber reinforcement.  
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Table 5-25. Concrete Strength Properties for the Laboratory Supplement FRAP Mixes 
Compressive Strength (psi) 
Mix 1 2 3 4 Average COV 
45% FRAP 
(supplement) 
5,631 5,719 5,349 5,915 5,653 4.2% 
45% FRAP with 
fibers (supplement) 
5,577 5,294 5,475 5,558 5,476 2.4% 
Flexural Strength (psi) 
Mix 1 2 3 Average COV 
45% FRAP 
(supplement) 
975 899 900 925 4.7% 
45% RAP with fibers 
(supplement) 
807 780 – 793 2.4% 
 
Table 5-26. Concrete Fracture Properties (SENB) for the Laboratory Supplement FRAP Mixes 
Mix 
Stress 
Intensity 
Factor K
s
Ic 
(MPa-m
1/2
) 
Critical 
Crack Tip 
Opening 
Displacement 
CTODc (mm) 
Initial 
Fracture 
Energy G
s
Ic 
(N/m) 
Peak 
Load, P 
(kN) 
Total 
Fracture 
Energy GF 
(N/m) 
45% FRAP 
(supplement) 
1.043 (18%) 0.0173 (42%) 47.1 (24%) 3.85 (9.5%) 119.4 (4.8%) 
45% FRAP 
with fibers 
(supplement) 
1.110 (6.8%) 0.0275 (10%) 58.9 (7.5%) 3.64 (12%) 2452 (31%) 
 
5.4.7 Laboratory Supplement (Size Effect)  
For finite element modeling purposes, the size of the fracture process zone (cf) is needed. 
This can be computed based on the TPFM fracture properties or it can be determined from the 
size effect model. From the TPFM, cf is computed based on CTODc, Gf, and E (Shah et al. 1995): 
𝑐𝑓 =
𝜋
32
(𝐶𝑇𝑂𝐷𝑐)
2𝐸
𝐺𝑓
 (5-16)  
Alternatively, cf can be determined based on the size effect model (Bažant and Planas 
1998). In this model, three geometrically-similar beam sizes are tested (see Table 5-27) to obtain 
the peak load (P). For sample j, the peak load (Pj) is corrected (Pj
0
) to include the self-weight of 
the beam, which considers the span (Sj), length (Lj), mass (mj) of the beam and the acceleration 
due to gravity (g, 9.81 m/s
2
): 
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𝑃𝑗
0 = 𝑃𝑗 +
2𝑆𝑗 − 𝐿𝑗
2𝑆𝑗
𝑔𝑚𝑗 (5-17)  
A linear regression is then performed using the variables Y and X, where for specimen j the 
variables were defined as follows based on the depth (Dj) and thickness (tj) of the beam: 
𝑌𝑗 = (
𝐷𝑗𝑡𝑗
𝑃𝑗
0 )
2
 (5-18)  
𝑋𝑗 = 𝐷𝑗 (5-19)  
A linear regression is then utilized to determine the coefficients AB and CB: 
𝑌 = 𝐴𝐵𝑋 + 𝐶𝐵 (5-20)  
The geometric factor F(α) can be determined based on the notch-to-depth ratio (α): 
𝐹(𝛼) =
1.99 − 𝛼(1 − 𝛼)(2.15 − 3.93𝛼 + 2.7𝛼2)
√𝜋(1 + 2𝛼)(1 − 𝛼)3/2
 (5-21)  
Another factor, g(α), is determined as follows: 
𝑔(𝛼) = (
𝑆
𝐷
)
2
𝜋𝛼[1.5𝐹(𝛼)]2 (5-22)  
The energy release rate (Gf), or initial fracture energy, can then be determined, where E is the 
modulus: 
𝐺𝑓 =
𝑔(𝛼)
𝐸𝐴𝐵
 (5-23)  
From the energy release rate, the critical stress intensity factor (KIc) can be computed using 
Equation 5-14. The effective size of the fracture process zone (cf) can also be computed: 
𝑐𝑓 =
𝑔(𝛼)
𝑔′(𝛼)
𝐶𝐵
𝐴𝐵
 (5-24)  
The derivatives of g(α) and F(α) are: 
𝑔′(𝛼) = (
𝑆
𝐷
)
2
𝜋[1.5𝐹(𝛼)]2 + 2(1.5
𝑆
𝐷
)
2
𝜋𝛼[𝐹′(𝛼)𝐹(𝛼)] (5-25)  
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𝐹′(𝛼) =
3[𝛼(𝛼 − 1)(2.7𝛼2 − 3.93𝛼 + 2.15) + 1.99]
2√𝜋(1 + 2𝛼)(1 − 𝛼)5/2
−
2[𝛼(𝛼 − 1)(2.7𝛼2 − 3.93𝛼 + 2.15) + 1.99]
√𝜋(1 + 2𝛼)2(1 − 𝛼)3/2
+
(2𝛼 − 1)(2.7𝛼2 − 3.93𝛼 + 2.15) + 𝛼(5.4𝛼 − 3.93)(𝛼 − 1)
√𝜋(1 + 2𝛼)(1 − 𝛼)3/2
 
(5-26)  
Just as in the other laboratory supplement testing program, the same mix design was 
followed (seen previously in Table 5-12). Given material constraints, only the virgin and 45% 
FRAP (without fibers) mixes could be created to test the size effect. The chemical admixtures 
were again Grace Daravair 1400 and Grace WRDA 82. For the virgin mix, the dosages were: 1 fl 
oz per 100 lb cementitious for the air entrainment and 4.5 fl oz per 100 lb cementitious for the 
water reducer. For the 45% FRAP mix, the dosages were: 1 fl oz per 100 lb cementitious for the 
air entrainment and 4 fl oz per 100 lb cementitious for the water reducer.  
The geometrically-similar beam sizes that were tested are shown in Table 5-27. The 
largest beam size (1m span) was created using wood forms, while the other beams (0.6m and 
0.25m spans) were created in steel forms. The 0.25m span beam was created using the same steel 
mold as is used for the 0.6m span beam except that a wood spacer was added to change the 
height, so a 0.7m long beam was created, which was saw-cut in half to produce the correct size 
beam. In order to create so many beams, two batches of concrete were produced, the fresh 
properties of which are shown in Table 5-28.  
Like the fracture testing for the beams made in the field, the size effect beams were tested 
at an age of 39 days after being continuously submerged in lime-saturated water. Since the size 
effect model only requires the peak load, all beams were also run with a post-peak unloading-
reloading loop to obtain the TPFM values; the modulus used in the size effect model calculations 
was obtained from the TPFM. The size effect linear regression plots are shown in Figure 5-17 
(virgin mix) and Figure 5-18 (45% FRAP mix). The regression coefficients A and C are shown in 
Table 5-29.  
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Table 5-27. Geometrically-Similar Beams for the Size Effect Model 
Beam 
Length, 
L (mm) 
Beam 
Depth, 
D (mm) 
Beam 
Thickness, 
t (mm) 
Notch 
Depth, 
a0 (mm) 
Beam 
Span, S 
(mm) 
Notch-to-
Depth 
Ratio, α 
Span-to-
Depth 
Ratio 
1100 250 80 83 1000 0.33 4.0 
700 150 80 50 600 0.33 4.0 
350 63 80 21 250 0.33 4.0 
 
Table 5-28. Fresh Properties for the Laboratory Supplement (Size Effect) Mixes 
Mix 
Virgin 45% FRAP  
Batch 1 Batch 2 Batch 1 Batch 2 
Slump (inch) 2-1/2 2-3/4 4-1/2 3-1/2 
Unit Weight 
(lb/ft
3
) 
145.4 143.0 144.2 141.8 
Air Content (%) 5.7% 6.6% 7.2% 6.6% 
 
 
Figure 5-17. Size effect regression for variables X and Y for the virgin mix.  
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Figure 5-18. Size effect regression for variables X and Y for the 45% FRAP mix. 
 
Table 5-29. Size Effect Linear Regression Coefficients 
 Virgin Mix 45% FRAP Mix 
Coefficient A  1.97E-11 2.155E-11 
Coefficient C  3.14E-12 4.752E-12 
 
The fracture parameters obtained from the size effect model are shown in Table 5-30. As 
can be seen, the 45% FRAP mix has a higher energy release rate, a lower critical stress intensity 
factor, and a larger fracture process zone than the virgin mix. The TPFM results for all of the 
beams are shown in Table 5-31 (virgin mix) and Table 5-32 (45% FRAP mix). As can be seen, 
the size effect model results in a larger fracture process zone size than is otherwise predicted 
from the TPFM by Equation 5-16.  
 
Table 5-30. Fracture Parameters from the Size Effect Model 
 Virgin Mix 45% FRAP Mix 
Energy Release Rate, Gf (N/m) 70.0 74.2 
Critical Stress Intensity Factor, KIc (MPa-m
0.5
) 1.56 1.38 
Size of the Fracture Process Zone, cf (mm) 28.6 40.5 
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Table 5-31. Fracture Results from the TPFM for the Virgin Mix 
Beam 
Span 
(mm) 
Peak 
Load, P 
(kN) 
Stress 
Intensity 
Factor K
s
Ic 
(MPa-m
1/2
) 
Critical Crack 
Tip Opening 
Displacement 
CTODc (mm) 
Initial 
Fracture 
Energy G
s
Ic 
(N/m) 
Total 
Fracture 
Energy GF 
(N/m) 
Size of the 
Fracture 
Process Zone, 
cf (mm) 
1000 6.72 1.51 0.0225 60.3 134.2 30.80 
1000 6.94 1.52 0.0199 63.1 123.8 22.52 
1000 6.24 1.33 0.0180 47.7 134.3 24.72 
700 4.32 1.55 0.0232 68.2 104.3 27.34 
700 5.05 1.56 0.0239 75.6 98.2 23.95 
700 4.66 1.35 0.0171 55.5 91.3 17.11 
250 2.50 1.16 0.0087 35.6 73.1 -- 
250 2.61 1.11 0.0091 38.6 108.8 -- 
250 2.17 0.95 0.0068 27.9 84.9 -- 
 
Table 5-32. Fracture Results from the TPFM for the 45% FRAP Mix 
Beam 
Span 
(mm) 
Peak 
Load, P 
(kN) 
Stress 
Intensity 
Factor K
s
Ic 
(MPa-m
1/2
) 
Critical Crack 
Tip Opening 
Displacement 
CTODc (mm) 
Initial 
Fracture 
Energy 
G
s
Ic (N/m) 
Total 
Fracture 
Energy GF 
(N/m) 
Size of the 
Fracture 
Process Zone, 
cf (mm) 
1000 6.77 1.55 0.0351 85.2 183.5 39.99 
1000 5.79 1.25 0.0263 60.5 151.3 28.97 
1000 5.72 1.28 0.0256 57.5 159.4 31.89 
700 3.61 1.02 0.0160 42.0 99.7 14.67 
700 3.65 1.03 0.0158 37.5 107.0 18.42 
250 1.94 0.84 0.0091 26.5 85.6 -- 
250 2.21 0.86 0.0135 37.5 98.1 -- 
250 2.39 1.05 0.0154 44.2 115.1 -- 
 
Assuming that the concrete mixes were the same, the size effect dataset was expanded to 
include the 700mm fracture beams previously tested. The data for the virgin mix was from the 
field-cast beams (Table 5-21), but since the air contents were different, only the data from the 
laboratory supplement was included for the 45% FRAP mix (Table 5-26). The regression curves 
for the expanded dataset are not as well linearly fit as the previous regression, as can be seen in 
Figure 5-19 (virgin mix) and Figure 5-20 (45% FRAP mix). As can be seen in the results (Table 
5-33), the energy release rate and critical stress intensity factor did not change much between the 
two datasets, but the size of the fracture process zone increased, particularly for the virgin mix.  
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Figure 5-19. Size effect regression for variables X and Y for the virgin mix with the expanded 
dataset.  
 
 
Figure 5-20. Size effect regression for variables X and Y for the 45% FRAP mix with the 
expanded dataset. 
 
Table 5-33. Fracture Parameters from the Size Effect Model with the Expanded Dataset 
 Virgin Mix 45% FRAP Mix 
Coefficient A 2.00E-11 2.12E-11 
Coefficient C  4.09E-12 5.09E-12 
Energy Release Rate, Gf (N/m) 71.9 78.9 
Critical Stress Intensity Factor, KIc (MPa-m
0.5
) 1.55 1.40 
Size of the Fracture Process Zone, cf (mm) 37.2 45.0 
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5.5 CONCRETE SLAB TESTING RESULTS 
5.5.1 Concrete Slab Foundation Support Preparation 
A 2-inch granular layer was placed and covered with a geotextile (see Figure 5-21). Fine 
aggregates taken from concrete-crushing operations were then placed in an 8-inch layer over the 
fabric. The recycled concrete aggregate fines layer was placed in three lifts, with each lift 
consolidated by a vibratory compactor (see Figure 5-22).  
 
 
(a) 
 
(b) 
Figure 5-21. Soil test bed (a) consisting of a 2-inch granular layer (b) separated by a geotextile 
fabric prior to filling the remainder of the bed. 
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Figure 5-22. RCA fine aggregate layer constructed in multiple lifts.  
 
5.5.2 Slab Test Preparation 
Prior to testing, the slabs were stored outside. Up to four slabs were stacked vertically 
separated by wood blocks. In preparation for testing, the slabs were brought indoors and stacked 
four high next to the test setup. To ensure a uniform contact, the top of the soil bed was 
overfilled with fine aggregate and then struck off using a wood beam. A crane was used to lift 
the slab onto the test bed (Figure 5-23), using the anchors previously placed in the concrete 
during construction (Figure 5-6). The slab was then situated on the soil bed such that the mid-
edge of the slab would be loaded by the actuator.  
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Figure 5-23. Crane used to lift the slabs onto the test bed safely.  
 
A total of six linear voltage differential transducers (LVDTs) were used to measure the 
deflection of the slab at various locations (Figure 5-24). The LVDTs were placed at each corner, 
at the direct center of the slab, and at the rear mid-edge opposite the actuator. To provide a 
uniform contact with the actuator, a layer of clay was placed as a leveling agent prior to placing a 
load plate at the mid-edge of the slab. An image of the test setup is shown in Figure 5-25.  
 
 
Figure 5-24. LVDT measuring the corner deflection. 
 279 
 
 
 
Figure 5-25. Test setup depicting the actuator, load plate, and an LVDT. 
 
5.5.3 Slab Testing Results 
All 16 slabs were monotonically tested to flexural failure over the span of several days, as 
each slab required a few hours to set up and test. The concrete age at the time of testing spanned 
from 35 to 40 days. A summary of the testing order and age of each slab can be found in Table 
5-34. The testing order was random in that it was not prearranged which slabs would be tested 
when, although the first slab tested was preselected to be Slab 16 (full-depth virgin). All slabs 
tested were unnotched. The load plate used measured 9.5-inch square and was centered at the 
middle edge of the slab. The slab was then loaded at an actuator displacement rate of 1 mm per 
minute. Prior to starting the test, a seating load was applied, which was typically less than 10 kN, 
with one test unintentionally having a seating load of 32 kN (see Table 5-35).  
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Table 5-34. Slab Testing Order and Age 
Slab 
Number 
Type Description 
Order 
Tested 
Testing Date 
Testing 
Age 
(days) 
1 Two-Lift Virgin over 45% FRAP 5 6/23/2012 37 
2 Two-Lift Virgin over 45% FRAP 11 6/24/2012 38 
3 Full-Depth 45% FRAP 9 6/24/2012 38 
4 Full-Depth 45% FRAP 14 6/26/2012 40 
5 Two-Lift 
Virgin over 45% FRAP with 
fibers 
4 6/21/2012 35 
6 Two-Lift 
Virgin over 45% FRAP with 
fibers 
15 6/26/2012 40 
7 Full-Depth 100% RCA 7 6/23/2012 37 
8 Full-Depth 100% RCA 2 6/21/2012 35 
9 Two-Lift Virgin over 100% RCA 3 6/21/2012 35 
10 Two-Lift Virgin over 100% RCA 12 6/24/2012 38 
11 Full-Depth 45-55% FRAP-RCA 16 6/26/2012 40 
12 Full-Depth 45-55% FRAP-RCA 13 6/26/2012 40 
13 Two-Lift 
Virgin over 45-55% FRAP-
RCA 
10 6/24/2012 38 
14 Two-Lift 
Virgin over 45-55% FRAP-
RCA 
8 6/23/2012 37 
15 Full-Depth Virgin 6 6/23/2012 37 
16* Full-Depth Virgin 1 6/21/2012 35 
*Slab may have variable properties (see Section 4.3.2) 
 
5.5.3.1 Slab Peak Loads, Crack Mapping, and Thicknesses 
The slabs were all tested until after the peak flexural load indicated by both a flexural 
crack (point at which a crack propagated across the slab) and a drop in the load. For the slabs 
with fibers in the bottom lift (Slabs 5 and 6), a crack was not easily visible, so the test was 
continued until the ultimate load was reached, which was the second point when the load 
dropped and a circumferential punch-out failure was noted on the slab. The peak loads for all 
slabs are shown in Table 5-35. The peak loads of the replicate slabs were averaged (Table 5-36), 
revealing that the both full-depth and two-lift slabs with recycled aggregates had similar or 
slightly higher peak loads relative to a conventional virgin full-depth slab. The results from 
Table 5-36 are not consistent with the flexural, compressive, and split tensile strengths for the 
same mixtures but are better correlated with the fracture properties in Table 5-21 and Table 5-22. 
The SENB critical stress intensity factor and fracture energy for all mixtures (except the FRAP 
with fibers) were statistically similar to the virgin aggregate concrete, and therefore the fracture 
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properties, not strength properties, controlled the failure of the slabs (i.e., slabs should be 
expected to have similar peak loads based on the fracture properties). The results of the slab tests 
were counterintuitive relative to conventional design, which always relates higher beam/cylinder 
strength with higher slab capacity. The recycled mixtures’ flexural strengths were reduced 
between 25 and 45% relative to the virgin aggregate concrete, yet the slab flexural capacity was 
similar between the recycled concrete mixtures and virgin aggregate concrete. 
 
Table 5-35. Peak Flexural and Ultimate Loads for All Concrete Slabs 
Slab 
Number 
Type Description 
Seating 
Load (kN) 
Peak Load 
(kN) 
Ultimate 
Load (kN) 
1 Two-Lift Virgin over 45% FRAP 10.39 118.1 – 
2 Two-Lift Virgin over 45% FRAP 7.13 128.3 – 
3 Full-Depth 45% FRAP 32.05 90.4 – 
4 Full-Depth 45% FRAP 2.38 145.9 – 
5 Two-Lift 
Virgin over 45% FRAP with 
fibers 
4.12 99.0 148.6 
6 Two-Lift 
Virgin over 45% FRAP with 
fibers 
4.34 120.1 153.6 
7 Full-Depth 100% RCA 10.58 119.2 – 
8 Full-Depth 100% RCA 5.66 99.6 – 
9 Two-Lift Virgin over 100% RCA 4.08 121.6 – 
10 Two-Lift Virgin over 100% RCA 3.59 137.3 – 
11 Full-Depth 45-55% FRAP-RCA 2.05 138.5 – 
12 Full-Depth 45-55% FRAP-RCA 6.78 112.9 – 
13 Two-Lift 
Virgin over 45-55% FRAP-
RCA 
0.86 130.0 – 
14 Two-Lift 
Virgin over 45-55% FRAP-
RCA 
7.23 80.7 – 
15 Full-Depth Virgin 6.33 89.5 – 
16* Full-Depth Virgin 11.16 111.3 – 
*Slab may have variable properties (see Section 4.3.2). 
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Table 5-36. Average Peak Flexural Loads for Each Slab Type 
Slab Type 
Average Peak 
Load (kN) 
Coefficient of 
Variation 
Percent Difference 
from Full-Depth Virgin 
Two-Lift Virgin over 45% FRAP 123.2 5.9% 22.8% 
Full-Depth 45% FRAP 118.2 33.2% 17.7% 
Two-Lift 
Virgin over 45% FRAP 
with fibers 
109.5 13.6% 9.1% 
Full-Depth 100% RCA 109.4 12.7% 9.0% 
Two-Lift Virgin over 100% RCA 129.4 0.7% 29.0% 
Full-Depth 45-55% FRAP-RCA 125.7 14.4% 25.2% 
Two-Lift 
Virgin over 45-55% 
FRAP-RCA 
105.3 33.1% 5.0% 
Full-Depth Virgin* 100.4 15.4% – 
*Slab 16 may have variable properties (see Section 4.3.2). 
 
After the testing had ended, the cracks were mapped (or in the case of the slabs with 
fibers, the post-ultimate load cracks) by measuring the crack at 6-inch intervals along the length 
of the slab, as shown in Figure 5-26 to Figure 5-29. As it can be seen, the majority of the cracks 
propagated along the middle of the slab for both the full-depth and the two-lift slabs. For the two 
slabs with fibers (Figure 5-26), a punch-out cracking behavior developed at the ultimate load. In 
Slab 6, the crack propagated to the adjacent sides of the slab rather than to the opposite, parallel 
edge, which was unexpected. Similar cracking behavior was noted in Slab 7 (Figure 5-27) and 
Slabs 13 and 14 (Figure 5-28). One possible reason for the unusual cracking behavior was over-
compaction of the soil near the actuator from the high pressure. Therefore, the soil was dug up 
near the loaded area and re-compacted after every fourth slab test.  
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Figure 5-26. Post-peak flexural load cracking maps of the slabs containing 45% FRAP. The 
cracking maps for Slabs 5 and 6 are post-ultimate load. The dotted lines in Slab 6 denote partial 
depth slabs present at the surface of the slab after the ultimate load. 
 
 
Figure 5-27. Post-peak flexural load cracking maps of the slabs containing 100% RCA. 
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Figure 5-28. Post-peak flexural load cracking maps of the slabs containing the 45-55% FRAP-
RCA blend. The dotted line in Slab 13 denotes a partial-depth crack on the surface of the slab 
after the peak load. 
 
 
Figure 5-29. Post-peak flexural load cracking maps of the full-depth virgin concrete slabs. 
 
The load versus deflection plots are shown for all slabs in Figure 5-30 through Figure 
5-34. The peak flexural load can clearly be seen as the point at which the load dramatically 
reduces. For all plots, the deflection is measured from the load actuator. For the slabs with fibers 
in the bottom lift, both the peak flexural and ultimate loads are depicted in Figure 5-31.  
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Figure 5-30. Load versus deflection for the two-lift slabs (Slabs 1 and 2) and the full-depth slabs 
(Slabs 3 and 4) containing 45% FRAP. 
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(a) Slab 5 
 
(b) Slab 6 
Figure 5-31. Load-deflection plots for the two-lift slabs containing 45% FRAP with fibers. 
 
 
Figure 5-32. Load versus deflection for the full-depth (Slabs 7 and 8) and two-lift (Slabs 9 and 
10) containing 100% RCA. 
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Figure 5-33. Load versus deflection for the full-depth (Slabs 11 and 12) and two-lift (Slabs 13 
and 14) samples containing 100% RCA. 
 
 
Figure 5-34. Load-deflection plots for the full-depth virgin slabs. 
 
After each slab was tested, the thickness of the slab was measured at 3-ft intervals along 
the length of the crack from the loaded edge at the actuator to the middle of the slab to the 
opposite edge. For the two-lift slabs, the thickness of each layer was measured. For the slabs that 
did not crack along the middle of the slab, the thicknesses were measured only under the 
actuator. The thicknesses of the full-depth slabs are shown in Table 5-37 and the two-lift slabs in 
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Table 5-38. As can be seen, the thicknesses of the slabs did vary, which was primarily due to 
settlement of the wooden formwork that was placed on blocks to keep the slab’s surface level.  
 
Table 5-37. Thicknesses (in inches) of the Full-Depth Slabs 
Slab 
Number 
Description At Load At Middle 
At Opposite 
Edge 
3 45% FRAP 6-1/8 6-3/8 6 
4 45% FRAP 6-5/8 6-7/8 6-1/4 
7 100% RCA 6-5/8 N/A N/A 
8 100% RCA 6-1/8 6-3/4 6-3/8 
11 45-55% FRAP-RCA 6-3/8 N/A N/A 
12 45-55% FRAP-RCA 6-1/4 6-5/8 6-1/4 
15 Virgin 6-3/4 6-3/4 6-1/8 
16* Virgin 6 6-3/8 6 
*Slab may have variable properties (see Section 4.3.2). 
 
Table 5-38. Thicknesses (in inches) of the Two Lift Slabs 
Slab 
Number 
Description 
At Load At Middle At Opposite Edge 
Total 
Bottom 
Lift 
Top 
Lift 
Total 
Bottom 
Lift 
Top 
Lift 
Total 
Bottom 
Lift 
Top 
Lift 
1 
Virgin over 
45% FRAP 
6 4 2 6-3/4 3 3-3/4 6 3-1/4 2-3/4 
2 
Virgin over 
45% FRAP 
6-1/4 4 2-1/4 6-1/2 4-1/4 2-1/4 6 4 2 
5 
Virgin over 
45% FRAP 
with fibers 
6 4-1/8 1-7/8 6-1/4 4 2-1/4 6 4 2 
6 
Virgin over 
45% FRAP 
with fibers 
6-1/8 4 2-1/8 N/A N/A N/A N/A N/A N/A 
9 
Virgin over 
100% RCA 
6-1/2 4 2-1/2 7 4 3 6-1/4 4-1/8 2-1/8 
10 
Virgin over 
100% RCA 
6-1/4 4 2-1/4 6-3/4 4 2-3/4 6 3-3/4 2-1/4 
13 
Virgin over 
45-55% 
FRAP-RCA 
6-1/8 4-1/4 1-7/8 N/A N/A N/A N/A N/A N/A 
14 
Virgin over 
45-55% 
FRAP-RCA 
6-1/2 4 2-1/2 N/A N/A N/A N/A N/A N/A 
 
5.5.3.2 k-Value Backcalculation 
The modulus of subgrade reaction (k-value) was determined from each slab test by 
backcalculating the value from the load-deflection data and using the computer program ILSL2, 
which is an updated version of ILLISLAB (Tabatabaie and Barenberg 1980; Ioannides et al. 
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1985; Ioannides and Korovesis 1992; Khazanovich and Ioannides 1993). The slab was assumed 
to be on a Winkler foundation, and full bond was assumed between the two-lift layers. The 
modulus of elasticity of each layer was assumed to be the values previously determined from the 
6 x 12-inch cylinders. The thickness of the slabs and two-lift layers were assumed to be uniform, 
and the thickness under the actuator was chosen as the measured slab thickness as presented in 
Table 5-37 and Table 5-38.  
The deflections used in the backcalculation were from the LVDTs measuring the corner 
deflections on either side of the actuator. The actuator deflection was not used because it records 
extraneous movements other than the slab (i.e., the actuator frame has initial compliance). In 
most instances, the deflections on either side of the actuator were similar, but in some cases, the 
deflections were greatly different because of slab rotation from nonuniform support stiffness. 
Plots of the corner deflections for all slabs can be found in Appendix C. The two corner 
deflection values were averaged, and then the difference between the deflections at 60 and 80 kN 
was determined (which was typically when the LVDTs recorded a linear deflection). In addition, 
the k-value was also backcalculated using the deflections from only the right and left corners. 
The k-value was varied in the ILSL2 program at those loads until the same difference in 
deflection was achieved. The backcalculated k-value was determined to the nearest 0.5 psi/in.  
The results for the k-value backcalculation are shown in Table 5-39. The coefficient of 
variation (COV) was determined between the three k-values calculations (right corner, left 
corner, and the average of the two). Note that the relationship between deflection and k-value is 
not linear (i.e., nonuniform support), which is why for some slabs (see Slab 1, for example) the 
k-value is very high for one of the corner deflections, but the average and other corner yields k-
values that are much less. Figure 5-35 is a plot of the k-values versus order of slab tested (the 
order is shown in Table 5-34) demonstrates that the k-value of the soil increased initially for the 
first few slabs tested, potentially due to additional compaction of the soil from loading, and then 
the majority of the other tests had k-values that were much more similar, because the soil was re-
compacted after every fourth slab tested. The average k-value varied from 50 to 200 psi/in for all 
the slabs tested. 
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Figure 5-35. k-Values backcalculated from the corner deflections versus the slab testing order. 
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Table 5-39. k-Value Backcalculations Based on the Right, Left, and Average Corner Deflections 
Slab 
No. 
Type Slab Type Deflection 
Lower Load Level Higher Load Level 
k-value 
(psi/in) 
COV Actual 
Load 
(kN) 
Corner 
Deflections 
(mm) 
Actual 
Load 
(kN) 
Corner 
Deflections 
(mm) 
1 
Two- 
Lift 
Virgin over 
45% FRAP 
Right 
Corner 
60.023 –4.703 80.006 –5.712 77.0 
78.9% 
Left Corner 60.023 –1.775 80.006 –1.980 349.5 
Average 60.023 –3.239 80.006 –3.846 126.0 
2 
Two- 
Lift 
Virgin over 
45% FRAP 
Right 
Corner 
60.048 –1.858 80.018 –2.445 130.5 
6.3% 
Left Corner 60.048 –1.968 80.018 –2.639 115.0 
Average 60.048 –1.913 80.018 –2.542 122.0 
3 
Full- 
Depth 
45% FRAP 
Right 
Corner 
60.004 –0.491 80.018 –1.301 95.0 
43.1% 
Left Corner 60.004 –0.826 80.018 –2.747 41.0 
Average 60.004 –0.659 80.018 –2.024 57.0 
4 
Full- 
Depth 
45% FRAP 
Right 
Corner 
60.033 –4.106 80.029 –5.070 80.5 
11.9% 
Left Corner 60.033 –4.884 80.029 –5.643 102.0 
Average 60.033 –4.495 80.029 –5.357 90.0 
5 
Two- 
Lift 
Virgin over 
45% FRAP 
with fibers 
Right 
Corner 
60.013 –2.202 80.022 –2.569 202.0 
2.8% 
Left Corner 60.013 –3.634 80.022 –4.024 191.0 
Average 60.013 –2.918 80.022 –3.297 196.5 
6 
Two- 
Lift 
Virgin over 
45% FRAP 
with fibers 
Right 
Corner 
60.027 –4.316 80.031 –5.708 56.0 
16.7% 
Left Corner 60.027 –2.250 80.031 –3.245 78.0 
Average 60.027 –3.283 80.031 –4.477 65.0 
7 
Full- 
Depth 
100% RCA 
Right 
Corner 
60.027 –4.539 80.031 –5.563 76.0 
3.5% 
Left Corner 60.027 –4.108 80.031 –5.066 81.5 
Average 60.027 –4.323 80.031 –5.314 78.5 
8 
Full- 
Depth 
100% RCA 
Right 
Corner 
60.019 –5.911 80.008 –6.403 154.0 
0.2% 
Left Corner 60.019 –6.715 80.008 –7.206 154.5 
Average 60.019 –6.313 80.008 –6.805 154.0 
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Table 5-39 (continued). k-Value Backcalculations Based on the Right, Left, and Average Corner 
Deflections 
Slab 
No. 
Type Slab Type Deflection 
Lower Load Level Higher Load Level 
k-value 
(psi/in) 
COV Actual 
Load 
(kN) 
Corner 
Deflections 
(mm) 
Actual 
Load 
(kN) 
Corner 
Deflections 
(mm) 
9 
Two- 
Lift 
Virgin over 
100% RCA 
Right 
Corner 
60.021 -6.885 80.018 –7.464 133.0 
17.5% 
Left Corner 60.021 –6.351 80.018 –6.755 188.5 
Average 60.021 –6.618 80.018 –7.109 156.0 
10 
Two- 
Lift 
Virgin over 
100% RCA 
Right 
Corner 
60.029 –6.746 80.004 –8.166 55.0 
15.2% 
Left Corner 60.029 –4.563 80.004 –5.605 74.5 
Average 60.029 –5.655 80.004 –6.885 63.5 
11 
Full- 
Depth 
45-55% 
FRAP-
RCA 
Right 
Corner 
60.008 –1.877 80.029 –2.850 79.5 
5.6% 
Left Corner 60.008 –1.500 80.029 –2.365 89.0 
Average 60.008 –1.688 80.029 –2.608 84.0 
12 
Full- 
Depth 
45-55% 
FRAP-
RCA 
Right 
Corner 
60.031 –5.609 80.018 –6.385 98.5 
8.9% 
Left Corner 60.031 –5.537 80.018 –6.470 82.5 
Average 60.031 –5.573 80.018 –6.427 90.0 
13 
Two- 
Lift 
Virgin over 
45-55% 
FRAP-
RCA 
Right 
Corner 
60.013 –3.619 80.024 –4.572 81.0 
31.4% 
Left Corner 60.013 –1.491 80.024 –1.994 150.5 
Average 60.013 –2.555 80.024 –3.283 105.5 
14 
Two- 
Lift 
Virgin over 
45-55% 
FRAP-
RCA 
Right 
Corner 
60.017 –5.115 80.006 –6.322 64.5 
60.6% 
Left Corner 60.017 –5.080 80.006 –5.442 208.0 
Average 60.017 –5.098 80.006 –5.882 98.5 
15 
Full- 
Depth 
Virgin 
Right 
Corner 
60.013 –6.676 80.002 –7.963 61.0 
21.3% 
Left Corner 60.013 –3.471 80.002 –4.310 93.0 
Average 60.013 –5.074 80.002 –6.136 73.5 
16* 
Full- 
Depth 
Virgin 
Right 
Corner 
60.035 –1.963 80.012 –2.714 103.0 
0.7% Left Corner 60.035 –2.788 80.012 –3.550 101.5 
Average 60.035 –2.376 80.012 –3.132 102.0 
*Slab may have variable properties (see Section 4.3.2). 
 
 
 
 293 
 
5.5.3.3 Maximum Tensile Stress at Failure 
With the measured and backcalculated properties, ILSL2 was used to determine the 
calculated maximum slab tensile stress at failure, based on the peak flexural load. The k-value 
that corresponded to the average of the two corner deflections was used in this calculation. The 
loaded area was 9.5 inches square. For the two-lift pavements, it was assumed that there was full 
bond between the two concrete layers. The maximum tensile stress occurred at the bottom of the 
slab at the edge directly under the applied load for all simulations. The maximum tensile stresses 
at failure for each slab type are shown in Table 5-40. If one compares the average maximum 
tensile stresses at failure, all of the recycled aggregate concrete mixes (with the exception of the 
45-55% FRAP-RCA two-lift slabs) achieved higher slab capacities relative to the virgin 
concrete. A t-test was performed to compare the maximum tensile stress at failure relative to the 
virgin concrete (Table 5-41), which found that there was not a statistical difference (p > 0.05), 
likely because of the high coefficient of variation of the slab tests including the virgin concrete 
slabs.  
 
Table 5-40. Maximum Tensile Stresses at Slab Failure Load 
Slab 
No. 
Type Description 
Peak 
Load 
(kN) 
Slab 
Thickness 
(in) 
k-value 
(psi/in) 
Maximum 
Tensile  
Stress (psi) 
Average 
Maximum 
Stress (psi) 
COV 
1 Two-
Lift 
Virgin over 
45% FRAP 
118.1 6 126 1,374.6 
1,399.9 2.6% 
2 128.3 6.25 122 1,425.3 
3 Full-
Depth 
45% FRAP 
90.4 6.125 57 1,133.3 
1,345.5 22% 
4 145.9 6.625 90 1,557.7 
5 Two-
Lift 
Virgin over 
45% FRAP 
with fibers 
99.0 6 196.5 1,099.9 
1,212.5 13% 
6 120.1 6.125 65 1,325.1 
7 Full-
Depth 
100% RCA 
119.2 6.625 78.5 1,277.0 
1,249.7 3.1% 
8 99.6 6.125 154 1,222.4 
9 Two-
Lift 
Virgin over 
100% RCA 
121.6 6.5 156 1,257.5 
1,412.8 16% 
10 137.3 6.25 63.5 1,568.1 
11 Full-
Depth 
45-55% 
FRAP-RCA 
138.5 6.375 84 1,588.9 
1,466.1 12% 
12 112.9 6.25 90 1,343.3 
13 Two-
Lift 
Virgin over 
45-55% 
FRAP-RCA 
130.0 6.125 105.5 1,431.2 
1,112.9 40% 
14 80.7 6.5 98.5 794.7 
15 Full-
Depth 
Virgin 
89.5 6.75 73.5 926.8 
1,185.8 31% 
16* 111.3 6 102 1,444.7 
*Slab may have variable properties (see Section 4.3.2). 
 294 
 
Table 5-41. Statistical Analysis of the Maximum Tensile Stresses at Failure for Recycled 
Concrete Relative to the Virgin Aggregate Concrete 
Slab Type 
Maximum Tensile 
Stress (psi) 
Average 
Stress 
(psi) 
Standard 
Deviation 
(psi) 
Pooled 
Standard 
Deviation Sp
2 
t value p value 
Virgin (Full-Depth) 926.8 1,444.7 1,185.8 366.2 - - - 
45% FRAP (Two-Lift) 1,374.6 1,425.3 1,399.9 35.83 67,710 0.823 0.497 
45% FRAP (Full-Depth) 1,133.3 1,557.7 1,345.5 300.1 112,094 0.477 0.680 
45% FRAP with Fibers 
(Two-Lift) 
1,099.9 1,325.1 1,212.5 159.2 79,736 0.095 0.933 
100% RCA (Full-Depth) 1,277.0 1,222.4 1,249.7 38.62 67,814 0.245 0.829 
100% RCA (Two-Lift) 1,257.5 1,568.1 1,412.8 219.7 91,198 0.752 0.531 
45-55% FRAP-RCA 
(Full-Depth) 
1,588.9 1,343.3 1,466.1 173.7 82,154 0.978 0.431 
45-55% FRAP-RCA 
(Two-Lift) 
1,431.2 794.7 1,112.9 450.1 168,342 0.178 0.875 
 
The maximum slab tensile stress can be compared to the measured beam flexural strength 
of concrete. It is clearly evident that there is a disconnect between the flexural strength and the 
slab flexural capacity (Table 5-42). The beam flexural strength has been shown to represent more 
of the initiation of cracks in slabs and not the full flexural capacity of the slab. The ratio of stress 
to the flexural strength yields a value greater than 1.0, and all of the slabs with recycled 
aggregates yield a ratio greater than the virgin concrete. Not only does this finding support 
previous conclusions that beam flexural strength does not correspond to slab capacity (Roesler 
1998; Roesler et al. 2004, 2005, 2012) , but it also demonstrates that, for concrete with recycled 
aggregates, which typically has lower strength versus virgin concrete, there is a greater slab 
capacity than would otherwise be predicted by beam strength tests. This finding indicates the 
fracture properties of the slab contribute to the flexural cracking load of the slab more than it 
does to the measured strength.  
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Table 5-42. Ratio of Maximum Tensile Stress to Flexural Strength 
Slab 
No. 
Type Description 
Maximum 
Slab Tensile  
Stress (psi) 
Flexural 
Strength 
(psi)* 
Ratio of Tensile 
Stress to Flexural 
Strength 
Average 
Ratio 
1 
Two-Lift 
Virgin over 45% 
FRAP 
1,375 584 2.35 
2.40 
2 1,425 584 2.44 
3 Full-
Depth 
45% FRAP 
1,133 584 1.94 
2.31 
4 1,558 584 2.67 
5 
Two-Lift 
Virgin over 45% 
FRAP with fibers 
1,100 451 2.44 
2.69 
6 1,325 451 2.94 
7 Full-
Depth 
100% RCA 
1,277 574 2.23 
2.18 
8 1,222 574 2.13 
9 
Two-Lift 
Virgin over 100% 
RCA 
1,257 574 2.19 
2.46 
10 1,568 574 2.73 
11 Full-
Depth 
45-55% FRAP-RCA 
1,589 593 2.68 
2.47 
12 1,343 593 2.26 
13 
Two-Lift 
Virgin over 45-55% 
FRAP-RCA 
1,431 593 2.41 
1.88 
14 795 593 1.34 
15 Full-
Depth 
Virgin 
927 786 1.18 
1.51 
16** 1,445 786 1.84 
*Note: For the two-lift slabs, the flexural strength that was used for the ratio was the strength for the bottom 
lift (recycled aggregate) concrete.  
**Slab may have variable properties (see Section 4.3.2). 
 
5.6 CONCLUSIONS 
Large-scale concrete slabs (6 feet square by 6 inches thick) were constructed to evaluate 
the effects of recycled aggregates on the peak flexural load capacity. Both full-depth and two-lift 
concrete slabs were cast. The following five concrete mixtures were evaluated under monotonic 
loading: control (100% virgin aggregate), 45% replacement of coarse aggregate with fractionated 
reclaimed asphalt pavement (FRAP), 45% replacement of coarse aggregate with FRAP (with 
synthetic macrofibers), 100% replacement of the coarse aggregate with recycled concrete 
aggregate (RCA), and replacement of coarse aggregate with 45% FRAP and 55% RCA.  
The 16 concrete slabs were cast in May 2012 and tested between an age of 35 to 40 days. 
Because of the combination of high-range water-reducer added onsite, slump level, and air 
entrainer, the 45% FRAP and the 45% FRAP with macrofibers had relatively high fresh concrete 
air contents, which was the cause of their reduction in hardened properties noted in the 
laboratory-sized specimens. The virgin aggregate (control) mix resulted in the highest strength 
(compression, split tension, and flexural) and highest modulus of elasticity of all five mixtures. 
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The 45% FRAP concrete mixture had a reduction in compression, split, and flexural strengths 
relative to the virgin concrete of 45%, 28%, and 26%, respectively. The modulus of elasticity 
was also reduced by 25% with the addition of 45% FRAP replacement of virgin coarse 
aggregate. A 100% replacement of virgin coarse aggregate with RCA reduced the compression, 
split, and flexural strengths relative to the virgin concrete of 24%, 25%, and 27%, respectively, 
with a reduction in elastic modulus of 19%. The greatest reductions in strength came from the 
FRAP with fibers, which also had the highest measured air content. The 45-55% FRAP-RCA 
blend had reductions in strength and modulus similar to the 45% FRAP replacement results. The 
results of the laboratory specimen tests suggested the slabs with virgin aggregates would have 
significantly higher flexural load capacities relative to the other recycled concrete mixtures. 
The concrete slab peak load was measured for slabs that were loaded at the mid-slab 
edge. The results of two slabs per concrete and slab type (full-depth or two-lift) revealed that the 
presence of the recycled aggregate did not reduce the flexural load capacity as was expected 
from the results of the laboratory-sized specimens (i.e., compressive, split tensile, and flexural 
strength). The results of the flexural load capacity of the slabs even found that the fibers had no 
statistical difference relative to the virgin aggregate concrete slabs despite an over 40% reduction 
in beam flexural strength. Accounting for the variation between the foundation support and the 
slab thickness between slab specimens, the ratio of slab flexural strength to beam flexural 
strength was 1.5 for the virgin aggregate concrete and ranged from 1.9 to 2.7 for the concretes 
with recycled aggregates. The main reason for the similarity between the recycled aggregate 
concrete (both FRAP and RCA in single- and two-lift construction) was the concrete fracture 
properties. The SENB-derived critical stress intensity factor, initial fracture energy, and total 
fracture energy were not statistically different for the concretes with recycled aggregates relative 
to the virgin aggregate concrete mixtures, with the exception of the 45% FRAP mix with fibers. 
Overall, this meant the failure of the slabs was more controlled by the combined effect of the 
concrete fracture properties and slab geometry rather than the concrete strength properties. 
Furthermore with the addition of macrofibers, bridging stresses were significantly enhanced 
across the developing crack front, thereby increasing the flexural load capacity of the 45% FRAP 
with fiber slabs despite its significant reduction in critical stress intensity factor and strength 
properties.  
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CHAPTER 6 CONCRETE WITH STEEL FURNACE SLAG AND 
FRACTIONATED RECLAIMED ASPHALT PAVEMENT
*
 
 
Previous work has clearly demonstrated that fractionated reclaimed asphalt pavement 
(FRAP) can be appropriate for usage in concrete pavements at coarse aggregate replacement 
levels up to 50% (Brand et al. 2012; Brand and Roesler 2015). Additional studies have also 
demonstrated that, while coarse FRAP reduces the concrete strength, the concrete slab capacity 
can be similar if not greater than virgin concrete, mainly because of the similar fracture 
properties, as was demonstrated in Chapter 5. The previous studies only considered coarse FRAP 
that had conventional virgin coarse aggregates (i.e. dolomite, quartz). With the possibility of 
FRAP millings containing some percentage of steel furnace slag (SFS), the concrete results from 
the previous studies need to be validated or updated to consider this new source type as well as 
additional testing proposed to avoid deleterious, expansive reactions known to occur with some 
SFS aggregate sources. 
 
6.1 INTRODUCTION TO SFS AGGREGATES 
Aggregates produced from SFS are of high quality, durable, and have good frictional 
quality, and, as a result, SFS aggregates have found usage in flexible pavement applications for 
its skid resistance, stripping resistance, stability, and resistance to rutting (FHWA 1998). The 
2012 world output of SFS was on the order of 150 to 230 million tons, while in the United States 
the amount of iron and steel-making slag was around 17 to 22 million tons (van Oss 2013). The 
hard and abrasion-resistant properties of SFS aggregate have made it a good candidate for usage 
in hot-mix asphalt (HMA) pavement, as fill or embankment material, as railroad ballast, and for 
snow and ice control (Collins and Ciesielski 1994). After adequate weathering, Dunster (2002) 
reported that SFS could be used for roadway bases or subbases, surface wearing courses, armour 
stones, and as aggregates in specific dense concrete applications (such as sea defense barriers, 
although adequate weathering of the SFS is critical).  
                                                 
*
 This chapter has been summarized in:  
Brand, A.S., and J.R. Roesler. (2015). “Characterization of Steel Furnace Slag Aggregates and the Effect on 
Hardened Concrete Properties,” Cement and Concrete Composites, 60, pp. 1-9. 
Brand, A.S., and J.R. Roesler. (2015). “Expansive and Concrete Properties of SFS–FRAP Aggregates,” Journal of 
Materials in Civil Engineering, in preprint. 
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6.1.1 The Use of SFS Aggregates in Pavements 
Few states presently allow the usage of SFS in highway applications, but a number of 
states have been reported to have conducted studies on applications of SFS aggregates. It was 
reported in 1976 that Alabama was routinely using SFS for highway bases or subbases while 
California, Missouri, and Pennsylvania were conducting field experiments with steel slag in 
asphalt pavements (Collins 1976). NCHRP 166 (Miller and Collins 1976) reported that 
California and Missouri were conducting field studies with SFS in asphalt pavements and 
Pennsylvania was conducing field studies with open hearth slag (a type of SFS) in cement-
treated bases and in asphalt wearing courses, while Ohio was using SFS in asphalt and concrete 
highway pavement applications and Alabama was using open hearth slag in highway base 
courses. In 1991, there were nine states that allowed the use of SFS in highway construction, 
four of which allowed its application in wearing courses (Ahmed 1991; Ahmed and Lovell 
1992). As of 1994, at least 11 states used SFS aggregates in asphalt pavement (Alabama, 
California, Illinois, Indiana, Kentucky, Louisiana, Michigan, Missouri, Pennsylvania, South 
Carolina, and West Virginia); another two states were using SFS as a subbase or embankment 
material (Maryland and New York); 16 states had specifications for use of SFS aggregate in 
asphalt pavements (Alabama, California, Colorado, Illinois, Indiana, Kansas, Kentucky, 
Michigan, Minnesota, Missouri, Pennsylvania, South Carolina, Tennessee, Texas, Virginia, and 
West Virginia); and no states had specifications for SFS aggregate in concrete (Collins and 
Ciesielski 1994). As of 2009, there were 13 states in the US that permitted the use of SFS in 
HMA, while other allowable applications are very limited: four states allowed the use in non-
structural pavement surface treatments, three states allowed use as an embankment material, and 
two states allowed use in concrete pavements (NCHRP 2013). Figure 6-1 depicts the number of 
applications allowed by states for SFS. Indiana rated “good” general performance of SFS in 
concrete pavements, and Colorado was the only state to rate “poor” general performance of steel 
slag in asphalt pavements (NCHRP 2013). The only advantage of using SFS in asphalt 
pavements was reported as friction by Iowa, while the disadvantages were reported as material 
property issues by Iowa, poor experience by Colorado, and not cost effective and construction 
difficulties by Virginia (NCHRP 2013). One report concluded that the utilization of SFS in 
roadways has low potential for use in cement-bound layers and no potential for use as aggregate 
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in concrete and that the best potential was in asphalt-bound layers or surface dressings (Collins 
and Sherwood 1995).  
 
 
Figure 6-1. Results of a 2009 survey indicating the number of applications a given state allows 
for SFS. Source: NCHRP (2013) 
 
In a survey of the state construction specifications conducted by this project, it was found 
that a number of states allow the use of SFS, typically in asphalt pavements. Some states, 
however, specify the use of slag, but do not further define the allowable types of slags (i.e., SFS, 
blast furnace slag, etc.). Of the states that allow the use of SFS aggregates, only a few further 
specify an expansion limit requirement. A summary of the review of state construction 
specifications can be found in Brand and Roesler (2014), which indicated that there was no 
specific mention of using SFS as an aggregate in concrete, although a Pennsylvania Department 
of Transportation survey reported that California and Nebraska use or had used SFS in concrete 
pavements (PennDOT 2011). In another document there was a mention of a concrete pavement 
in Texas with SFS aggregates, possibly constructed in the 1960s (TxDOT 1999). 
Internationally, other countries have limits and allowances on the use of SFS aggregates. 
Typical limits on the maximum free lime content are at 4.5-5.0% in order to use SFS aggregates 
in an unbound pavement application (Smith and Collis 2001). In Germany, SFS can be used as 
an unbound layer if the free lime content is less than 7% and can be used in an asphalt layer if 
the free lime content is less than 4% (Motz and Geiseler 2000). In Brazil, SFS can be used in 
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pavements (base and subbase) when the expansion by PTM 130 is less than 3.0% (da Silveira et 
al. 2005). A Federal Highway Administration report stated that the Netherlands and Belgium 
limit the free lime content of SFS aggregates to 4.5% before it can be used in granular bases and 
that the material must be weathered for at least one year prior to use (FHWA 1998). The British 
standard requires that SFS aggregates be weathered prior to usage in unbound pavement 
applications (Smith and Collis 2001), and Maw (1991) reported that weathered SFS with free 
CaO contents as high as 4.5% have been successfully used in the United Kingdom in asphalt 
pavements. In Japan, the free CaO content is limited to 0.5% to be used as a construction 
material (Kim et al. 2014).  
ASTM D5106 (2013) is the specification for SFS aggregates to be used in asphalt 
pavements. For expansion, the D5106 standard specifies that ASTM D4792 should be used to 
evaluate the expansion potential for dense-graded materials, and that “aggregates that contain 
components subject to hydration, such as free lime (CaO), shall be obtained from sources 
approved by the purchaser on the basis of either satisfactory performance record, aging, or other 
treatment known to reduce potential expansion to a satisfactory level” (ASTM D5106 2013).  
 
6.2 LITERATURE REVIEW 
6.2.1 SFS Aggregate Production and Composition 
Modern SFS is the by-product produced by one of two methods: in a basic oxygen 
furnace (BOF), where iron is converted to steel, or in an electric arc furnace (EAF), where steel 
is produced by melting scrap steel (Shi 2004). BOF slag is also sometimes called Linz-Donawitz 
(LD) or LD-converter slag. Though now obsolete and very uncommon, another type of SFS is 
known as open hearth furnace (OHF) slag. The BOF process involves a furnace being charged 
with hot liquid metal (sourced from the blast furnace), scrap, and fluxes (lime and dolomitic 
lime), which is then injected with pressurized oxygen; the purpose of oxygen injection is to 
combine with the impurities to form the SFS (Shi 2004). The EAF process does not use hot 
liquid metal but instead cold metal scrap that is melted by the heat generated from electric arcs 
that pass from graphite electrodes (Shi 2004); as with BOF, oxygen is injected in the EAF 
process to produce the SFS. Once the molten metal and slag are separated, the steel is transferred 
to a ladle for additional refining, which involves the production of additional slag, known as 
ladle furnace slag, which has different properties than the SFS. The molten SFS can then be 
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cooled in a number of methods, including cooling in air, spraying with water, quenching with air 
or water, and shallow box chilling (Shi 2004).  
Chemically, SFS is mainly composed of calcium oxide (CaO), iron (II) oxide (FeO), 
silica (SiO2), and magnesium oxide (MgO), as can be seen in Table 6-1, which also depicts the 
variability in composition between BOF and EAF slags. Typically, steel slags have iron oxide 
contents greater than 20% by weight, a lime-to-silica ratio greater than 7:3, and low (<0.2%) 
sulfur contents (Barnes and Strong 1980). In general, air-cooled SFS can contain the minerals 
merwinite (3CaO-MgO-2SiO2), tricalcium silicate (3CaO-SiO2), dicalcium silicate (2CaO-SiO2), 
rankinite (3CaO-2SiO2), wollastonite (CaO-SiO2), diopside (CaO-MgO-2SiO2), monticellite 
(CaO-MgO-SiO2), calcium aluminate (CaO-Al2O3), calcium ferrite (CaO-Fe2O3), magnesium 
silicate (2MgO-SiO2), various sulfides (CaS, MnS, FeS), lime (CaO), periclase (MgO), iron 
oxides (FeO, Fe2O3), and a solid solution phase FeO-MnO-CaO-MgO (Shi 2004). Motz and 
Geiseler (2000) reported that the main phases for both BOF and EAF slags are dicalcium silicate 
(2CaO-SiO2), dicalcium ferrite (2CaO-Fe2O3), and wüstite (FeO). Similarly, Maw (1991) stated 
that the dicalcium silicate, wüstite, and ferrite phases are the most prevalent phases in SFS. In 
BOF slags, the wüstite forms as a calciowüstite unless there is a higher magnesium content in the 
slag, in which case a magnesiowüstite forms, and in EAF slags, the wüstite forms as 
magnesiowüstite (Geiseler 1995). Tricalcium silicate is often only found in steel slags with high 
CaO/SiO2 ratios (Robinson 2002). 
By weight, BOF slags consist mainly of 30-60% dicalcium silicate (2CaO-SiO2), 0-30% 
tricalcium silicate (3CaO-SiO2), 0-10% free CaO, 10-40% wüstite (FeO), and 5-20% dicalcium 
ferrite (2CaO-Fe2O3) (Balcázar et al. 1999). Around 35-85% of the total volume of the SFS may 
consist of the silicate phase (Maw 1991). Another reference reported that, by weight, calcic steel 
slags consist of 30-60% dicalcium silicate (2CaO-SiO2), 0-20% tricalcium silicate (3CaO-SiO2), 
0-10% other silicate phases, 15-30% magnesiocalciowustite (RO-phase, a solid solution of 
(Fe,Mn,Mg,Ca)O), 10-25% dicalcium ferrite (Ca2(Fe,Al,Ti)2O5), 0-5% magnetite-type phase 
((Fe,Mn,Mg)3O4), 0-15% lime phase ((Ca,Fe)O), 0-5% periclase phase ((Mg,Fe)O), and 0-1% 
fluorite (CaF2) (Goldring and Juckes 1997). About 1% of the composition of SFS may also be 
free metal (Robinson 2002).  
Sourced from steel plants in Indiana, Yildirim and Prezzi (2011) found that BOF slags 
contained major phases of portlandite (Ca(OH)2), srebrodolskite (Ca2Fe2O5), and merwinite 
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(Ca3Mg(SiO4)2) and minor phases of larnite (Ca2SiO4), manganoan calcite ((Ca,Mn)CO3), lime 
(CaO), and dolomite (CaMg(CO3)2, and the EAF slags contained major phases of portlandite 
(Ca(OH)2) and mayenite (Ca12Al14O33) and minor phases of larnite (Ca2SiO4), lime (CaO), 
uvavorite (Ca3Cr2(SiO4)3), wollastonite ((Ca,Fe)SiO3), and periclase (MgO).  
Overall, the mineralogical compositions of SFS can be variable, particularly between 
different sources, and contain various other compounds, as was demonstrated in a literature 
review by Brand and Roesler (2014). In addition, there is some evidence to support that the 
composition of SFS aggregates is not uniform in that the interior may have a different 
composition than the exterior (Coomarasamy and Walzak 1995).  
The composition of SFS changes over time, such as with weathering. One study found 
that BOF slag aggregates weathered outside for three months had developed a white powder on 
the surface, and further analysis revealed that the powder consisted of calcite (CaCO3), calcium 
silicate hydrate, and calcium carboaluminate hydrate (Kawamura et al. 1983). The presence of 
CaCO3 has also been found on the surface and in fine cracks in LD-slag samples (Thomas 1983). 
Another study also found that weathered BOF slag had higher calcite and calcium hydroxide 
contents (Belhadj et al. 2012). Tufa, a porous calcium carbonate precipitate, was found to form 
and clog bases and subbases with BOF slag aggregates, and it was concluded that calcium oxide, 
magnesium oxide, calcium hydroxide, and calcium carbonate have the potential to precipitate 
tufa (Gupta et al. 1994). However, even though weathering does reduce the content of free CaO, 
the reduction may not necessarily be sufficient enough to prevent tufa formation (Gupta et al. 
1994). In another study, samples of EAF slag aggregates were obtained from a 10-year old 
asphalt pavement and precipitates of gypsum (CaSO4-2H2O), melanterite (FeSO4-7H2O), and 
calcium silicates were found on the slag particle surface (Suer et al. 2009).  
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Table 6-1. Percent Chemical Composition Ranges for BOF and EAF Slags 
Compound 
BOF 
Slag 
EAF Slag 
(carbon 
steel) 
EAF Slag 
(alloy 
steel) 
BOF 
Slag 
EAF Slag 
(carbon 
steel) 
EAF Slag 
(alloy 
steel) 
BOF Slag 
(United 
Kingdom) 
EAF Slag 
(United 
Kingdom) 
BOF 
(South 
Africa) 
Silica (SiO2) 8-20 9-20 24-32 11-18 8-18 28-40 9-19 11-24 10-16 
Alumina (Al2O3) 1-6 2-9 3-7.5 1-5 3-10 2-8 0.5-3 5-18 -- 
Iron (II) Oxide 
(FeO) 
10-35 15-30 1-6 -- -- -- -- -- -- 
Total Iron (Fe) -- -- -- 14-22 20-30 0.4-3 24-45 5-30 17-23 
Calcium Oxide 
(CaO) 
30-55 35-60 39-45 45-54 25-35 34-48 33-51 31-50 50-60 
Free CaO -- -- -- 1-10 0-4 -- -- -- -- 
Magnesium Oxide 
(MgO) 
5-15 5-15 8-15 1-6 2-9 7-13 0.5-4 2-8 2-3 
Manganese (II) 
Oxide (MnO) 
2-8 3-8 0.4-2 -- -- 1.3-2.0 -- -- ~4 
Manganese (III) 
Oxide (Mn2O3) 
-- -- -- -- -- -- 3-10 6-22 -- 
Total Mn -- -- -- 1-5 2-8 -- -- -- -- 
Titanium Dioxide 
(TiO2) 
0.4-2 -- -- -- -- -- 0.5-1 0.3-1 ~3 
Sulfur (S) 0.05-0.15 0.08-0.2 0.1-0.3 -- -- -- 0.05-0.15 0.04-0.4 -- 
Sulfite (SO3)       0.05-0.4 0.04-0.9 -- 
Phosphorus (P) 0.2-2 0.01-0.25 0.01-0.07 -- -- -- -- -- -- 
Phosphorus 
Pentoxide (P2O5) 
-- -- -- -- -- -- 0.8-1.8 0.03-1.8 -- 
Fluoride (F) -- -- -- -- -- -- 0.02-0.5 0.1-2.6 -- 
Sodium Oxide 
(Na2O) 
-- -- -- -- -- -- 0.05-0.1 0.05-0.3 -- 
Potassium Oxide 
(K2O) 
-- -- -- -- -- -- 0.02-0.1 0.04-0.4 -- 
Chromium (Cr) 0.1-0.5 0.1-1 0.1-2.0 0.1-0.3 0.5-2.2 -- -- -- -- 
Chromium (III) 
Oxide (Cr2O3) 
-- -- -- -- -- 1-10 -- -- -- 
CaO/SiO2 Ratio    2.8-4.4 1.7-4.0 1.3-1.6    
Reference Shi (2004) Balcázar et al. (1999) Gutt and Nixon (1979) 
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High alloy steel EAF slags mainly consist of dicalcium silicates with no stabilizing 
components, so they often disintegrate into a fine powder (Balcázar et al. 1999) and are therefore 
unfit for civil engineering applications. In other steel slags, the dicalcium silicates are stabilized 
by the phosphorous pentoxide (P2O5) in the slag (Motz and Geiseler 2000). The dicalcium 
silicate that is present in SFS is in the β form, which is potentially metastable, although it is 
inactive in SFS (Emery 1982).  
The trace element content is not very high in SFS, with the exception of chromium, as 
can be seen in Table 6-2. The chromium content of the slag is related to the type of the steel 
produced, so high alloyed steel will result in higher chromium contents in the slag (Balcázar et 
al. 1999). In general, though, leachates are not a critical issue with SFS (Emery 1982). The 
leaching of heavy metals from SFS is not very high, possibly because of the elements being 
bound in other phases; for example, in BOF slag, chromium and vanadium have been found to be 
in stable ferrous phases, though vanadium can also exist in the more reactive calcium silicate 
phases (Legret et al. 2010). Further study has suggested that chromium is present in BOF slag in 
the trivalent oxidation state, which is the less toxic and less mobile oxidation state and does not 
change oxidative forms upon leaching, whereas the vanadium is in a tetravalent oxidation state in 
the BOF slag but oxidizes to the most toxic pentavalent state upon leaching (Chaurand et al. 
2007).  
 
Table 6-2. Trace Element Contents (in mg/kg) for Steel Slags. Source: Balcázar et al. (1999) 
 
BOF Slag 
EAF Slag 
(carbon steel) 
EAF Slag 
(alloy steel) 
Arsenic (As) < 1 < 15 3 
Cadmium (Cd) < 1 < 30 < 1 
Total Chromium (Cr) 1000-3000 5000-22000 -- 
Copper (Cu) < 50 < 300 < 100 
Mercury (Hg) < 0.5 < 0.5 <0.5 
Nickel (Ni) <10 < 70 < 200 
Lead (Pb) < 10 < 90 < 30 
Zinc (Zn) < 150 < 900 < 30 
 
Free CaO in the slag can exist as a residual from the flux material and/or as a precipitated 
product from the molten slag (Shi 2004). While cooling, the tricalcium silicates present in the 
slag can decompose into dicalcium silicate and free CaO, but this free CaO is distributed in the 
matrix and does not react to cause volume expansion (Balcázar et al. 1999). The problematic free 
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CaO forms that cause volume expansion are the coarser particles of excess CaO and 
unassimilated CaO (Balcázar et al. 1999); this free CaO was not able to dissolve completely into 
the matrix mainly because a given amount of lime needs to be added to the flux in order to meet 
the metallurgical objectives of the steel and to keep the phosphorus content low (Geiseler 1995). 
One study found that more than 90% of the total free CaO in an LD-slag was from CaO that was 
not fully assimilated in the matrix (Thomas 1983). Free MgO in the slag can be from dolomitic 
fluxes and/or the lining of the steel furnace (Shi 2004), and using dolomitic fluxes instead of 
lime fluxes results in a higher MgO content in the slag (Geiseler 1996). Longer melting times for 
EAF slag compared with BOF slag results in higher magnesium contents, mainly from being 
leached from the furnace lining (Geiseler 1995). Thus, free CaO is a concern for both BOF and 
EAF slags, but free MgO is more likely to exist in EAF slags.  
Rojas and de Rojas (2004) assessed the composition of two EAF steel slags and found 
that the composition did not change significantly between aggregate sizes (0-6, 6-13, 13-23, and 
23-50 mm). The EAF slags were found to be very crystalline. The pozzolanic activity of the EAF 
steel slag was also evaluated and it was found that the CaO content was essentially unreactive up 
to 90 days. Overall, the free CaO and free MgO contents, measured by chemical and leaching 
tests, were estimated to be relatively low at <0.1% and <1%, respectively.  
 
6.2.2 SFS Aggregate Expansion 
The deleterious components of SFS are primarily free lime (CaO) and free magnesium 
oxide (MgO), both of which react with water to form expansive compounds. Free lime forms 
strained calcium hydroxide Ca(OH)2, otherwise known as epizet, and magnesium oxide forms 
magnesium hydroxide Mg(OH)2. The increases in solid volumes in the reaction are 91.7% for 
Ca(OH)2 and 119.6% for Mg(OH)2 (Erlin and Jana 2003). These reactions are known as 
topochemical, which means that the reaction occurs on the surface of the oxide compound and 
then the hydroxide compounds form outward, thereby causing stress concentrations that can lead 
to microcracking (Erlin and Jana 2003). Hydration of LD-slag samples was mainly attributed to 
unassimilated CaO and CaO solid solution, and partially to unassimilated MgO, dicalcium 
silicate, and dicalcium ferrite (Okamoto et al. 1981). The MgO in SFS can exist in a chemically 
combined state (such as in a mineral phase), a free state, or a solid solution state, and the MgO is 
reactive when it is in the free state or when the MgO content is high relative to the other phases 
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in the solid solution, in particular if the ratio of MgO/(FeO+MnO) is greater than 1.0 (Luo 1980). 
Weathered SFS with low free CaO (<1%) has been found to be non-expansive (Mathur et al. 
1999), and similarly, rapidly-cooled steel slag with very low free CaO (0.15%) has been found to 
undergo minimal expansion (Kim et al. 2014). With sufficient free expansive oxide phases, the 
expansion of unbound SFS aggregates can be upwards of 10% (Emery 1982).  
Based on the theoretical versus actual measurements of density variation, Verhasselt and 
Choquet (1989) found that the expansion of an LD slag was due to more than just the hydration 
of fine particles (< 0.5 or 0.1 mm) of free CaO. For coarser particles (0 to 4 mm), the change in 
density can be approximated based on the hydration of free CaO. Therefore, the authors argued 
that, for finer particles, where the reactions are accelerated, reactions other than the hydration of 
free CaO are occurring, such as the hydrolysis of calcium silicates or iron oxides, which can then 
be carbonated. Though the authors did not conduct further analysis, they concluded that free CaO 
was not the only source of expansion in BOF slags. There is evidence of this for BOF slags of 
similar initial free CaO contents (<3.5%), but produce significantly different expansions, up to a 
factor of 2 to 3 or greater. The final recommendations by the authors were that BOF slag 
aggregates can be used as an unbound base or subbase material if: (1) the initial free CaO content 
is <4.5%, (2) the slag is weathered outside for at least one year, and (3) the volumetric stability 
of the source material is tested. However, the authors also state that BOF slags should not be 
used in rigid bound layers because of the potential for severe expansion.     
A study by Wang (2010) attempted to measure the expansive force of BOF slag 
aggregates. Confined BOF slag aggregates were submerged in water and a load cell measured 
the force daily. It was found that the three different BOF slag aggregates exhibited final 
expansive forces that corresponded to estimated surface tension stresses ranging from 0.6 to 1.3 
MPa (87 to 189 psi). Only the BOF slag source that produced the highest expansion force 
resulted in some slight concrete deterioration under autoclave conditions. While this study aimed 
to quantify the expansive capability of SFS slag, it is limited in that: (1) the test was stopped 
after less than four weeks, so any free MgO may not have fully hydrated and (2) the free CaO 
and free MgO contents were not reported, so it is unknown why the different BOF slag sources 
resulted in different expansive pressures.  
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6.2.3 Concrete with SFS Aggregates (Laboratory Studies) 
A number of laboratory studies have investigated the usage of SFS aggregates in 
concrete. The literature review is summarized in Table 6-3 (strength and modulus properties) and 
(shrinkage, fracture, and durability properties). This literature review only summarizes the 
studies that incorporated BOF, EAF, LD, or otherwise labeled steel slag aggregates in concrete. 
Overall, SFS aggregates in concrete can increase the concrete strength and modulus relative to 
virgin aggregate concrete, although there is insufficient information to definitively conclude the 
effect on other concrete properties (i.e. shrinkage, durability, fracture). However, from the 
studies that investigated potential expansion because of CaO and/or MgO hydration, it is evident 
that the expanded products may have a detrimental effect on the concrete properties. A more 
detailed summary of these various studies can be found in Brand and Roesler (2014).  
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Table 6-3. Effect of SFS Aggregates on Concrete Strength Relative to Conventional Concrete 
Property 
Effect Relative to 
Virgin Concrete 
Reference 
Compressive 
Strength 
Increase 
Sersale et al. (1986a); Wang (1988); Akinmusuru (1991); 
Montgomery and Wang (1991); Wang (1992); Madej et al. (1996); 
Vázquezramonich and Barra (2001); De Schutter et al. (2002); 
Alizadeh et al. (2003); Beshr et al. (2003); Maslehuddin et al. 
(2003); Almusallam et al. (2004); Mohammed et al. (2009); 
Pellegrino and Gaddo (2009); Qasrawi et al. (2009)
1
; Coppola et al. 
(2010); Etxeberria et al. (2010)
3
; Papayianni and Anastasiou (2010a, 
2011); Liu et al. (2011); Qasrawi (2012, 2014); Adégoloyé et al. 
(2013);Pellegrino and Faleschini (2013); Pellegrino et al. (2013); 
San-José et al. (2014); Anastasiou et al. (2014); Tarawneh et al. 
(2014) 
Decrease 
Kawamura et al. (1983); Manso et al. (2004); Netinger et al. (2011); 
Ameri et al. (2012); Mathew et al. (2013) 
Similar 
Al-Negheimish et al. (1997); Maslehuddin et al. (1999); Manso et 
al. (2006)
2
; Obratil et al. (2009); Tomasiello and Felitti (2010); 
González-Ortega et al. (2014) 
Split Tensile 
Strength 
Increase 
Montgomery and Wang (1991); Al-Negheimish et al. (1997); De 
Schutter et al. (2002); Ali (2003); Alizadeh et al. (2003)
3
; Beshr et 
al. (2003); Almusallam et al. (2004); Pellegrino and Gaddo (2009); 
Coppola et al. (2010); Papayianni and Anastasiou (2010a, 2011); 
Qasrawi (2012); Pellegrino and Faleschini (2013); Pellegrino et al. 
(2013); Anastasiou et al. (2014) 
Similar Alizadeh et al. (2003)
4
; Obratil et al. (2009); San-José et al. (2014) 
Decrease  
Maslehuddin et al. (2003); Etxeberria et al. (2010)
5
; Mathew et al. 
(2013) 
Flexural 
Strength 
Increase 
Wang (1988); Montgomery and Wang (1991); Al-Negheimish et al. 
(1997); De Schutter et al. (2002); Alizadeh et al. (2003); 
Mohammed et al. (2009); Qasrawi et al. (2009); Coppola et al. 
(2010); Papayianni and Anastasiou (2010a, 2011); Ameri et al. 
(2012); Anastasiou et al. (2014); Qasrawi (2014) 
Decrease 
Maslehuddin et al. (1999, 2003); Liu et al. (2011); Netinger et al. 
(2011); Mathew et al. (2013) 
Similar Obratil et al. (2009) 
Modulus of 
Elasticity 
Increase 
Montgomery and Wang (1991); Al-Negheimish et al. (1997); 
Alizadeh et al. (2003); Beshr et al. (2003); Almusallam et al. 
(2004); Pellegrino and Gaddo (2009); Coppola et al. (2010); 
Papayianni and Anastasiou (2011); Pellegrino and Faleschini 
(2013); Pellegrino et al. (2013); Anastasiou et al. (2014); González-
Ortega et al. (2014); Qasrawi (2014) 
Similar Etxeberria et al. (2010)
5
; San-José et al. (2014) 
Decrease Netinger et al. (2011) 
Dynamic 
Modulus 
Increase Madej et al. (1996); Adégoloyé et al. (2013) 
1
With material passing #100 sieve removed;
 2
at later ages; 
3
high strength concrete; 
4
normal strength 
concrete; 
5
with a cement content of 350 kg/m
3
 and a water-to-cement ratio of 0.50 
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Table 6-4. Effect of SFS Aggregates on Concrete Shrinkage, Fracture, and Durability Properties 
Relative to Conventional Concrete 
Property 
Effect Relative to 
Virgin Concrete 
Reference 
Stress Intensity Factor Increase  Montgomery and Wang (1992) 
Total Fracture Energy Increase Papayianni and Anastasiou (2010a) 
Brittleness Index Decrease Montgomery and Wang (1992) 
Bond Strength Increase Montgomery and Wang (1991) 
Drying Shrinkage 
Increase Coppola et al. (2010) 
Similar Netinger et al. (2011) 
Decrease Madej et al. (1996); Al-Negheimish et al. (1997); Liu et al. (2011) 
Water Absorption 
Decrease 
Akinmusuru (1991); Maslehuddin et al. (1999, 2003); Mohammed 
et al. (2009) 
Increase Manso et al. (2004, 2006) 
No change Anastasiou et al. (2014) 
Sorptivity Variable Etxeberria et al. (2010) 
Freeze/Thaw Durability 
Acceptable Obratil et al. (2009); Papayianni and Anastasiou (2010a) 
Decrease in Strength Manso et al. (2006); Pellegrino and Gaddo (2009) 
Increase in Strength Pellegrino et al. (2013) 
Wetting/Drying Durability 
Decrease in Strength 
Manso et al. (2006); Pellegrino and Gaddo (2009); Pacheco et al. 
(2010) 
Decrease or Increase in 
Strength 
Pellegrino et al. (2013) 
Abrasion Resistance Improved 
Sersale et al. (1986a); Papayianni and Anastasiou (2003, 2010a, 
2011) 
High-Temperature 
Resistance 
Decrease in Strength Sersale et al. (1986a); Netinger et al. (2010, 2012) 
Water Penetration 
Increase Manso et al. (2004, 2006); Anastasiou et al. (2014) 
Similar Papayianni and Anastasiou (2010a) 
Decrease Pacheco et al. (2010); San-José et al. (2014) 
Sulfate Attack Resistance Similar De Schutter et al. (2002); Ali et al. (2011) 
Alkali-Aggregate Reactivity  Low Reactivity De Schutter et al. (2002); Manso et al. (2006) 
Chloride Diffusion Increase Pacheco et al. (2010) 
Chloride Diffusion 
Coefficient 
Similar Ali (2003) 
Chloride Penetration 
Resistance 
Increase Anastasiou et al. (2014) 
Porosity 
Increase 
Manso et al. (2004, 2006); Adégoloyé et al. (2013); San-José et al. 
(2014); Anastasiou et al. (2014) 
Similar Pacheco et al. (2010); Papayianni and Anastasiou (2010a) 
Gas Permeability Increase Adégoloyé et al. (2013) 
Volume of Permeable Pores Decrease Maslehuddin et al. (2003) 
Pulse Velocity 
Increase Maslehuddin et al. (2003) 
Similar González-Ortega et al. (2014) 
Time to Corrosion Initiation Increase Maslehuddin et al. (1999, 2003); Ali (2003) 
Time to Cracking 
(Corrosion) 
Increase Maslehuddin et al. (1999, 2003); Ali (2003) 
Corrosion Current Density Decrease Ali (2003) 
Corrosion Susceptibility 
(Concrete pH) 
No change Netinger et al. (2011) 
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6.2.4 Concrete with SFS Aggregates (Field Studies) 
A number of concrete projects have been completed utilizing SFS aggregates. The 
performance results have not all been satisfactory, with a number of projects demonstrating 
significant failures and others performing satisfactorily. There have not been many documented 
concrete pavement applications with SFS aggregates, although it has been shown that, in Austria, 
through careful material evaluation, certain SFS aggregate sources can be used in concrete for 
road construction and for concrete floors (Geiseler 1996). A more detailed review of the case 
studies is summarized in Brand and Roesler (2014).  
 
6.2.5 SFS FRAP Aggregates  
To date, no studies have investigated the use of SFS FRAP aggregates in either concrete 
or asphalt mixtures. However, the expansive characteristics of reclaimed asphalt pavement 
(RAP) materials with SFS aggregates have been studied (Senior et al. 1994; Deniz et al. 2010; 
Dayioglu et al. 2014).  
Deniz et al. (2010) studied the expansive characteristics of various recycled aggregates– 
such as RAP, SFS RAP, virgin SFS, virgin blast furnace slag, and virgin dolomite aggregates– in 
a highly alkaline (pH = 12) solution at 70°C to ascertain the applicability of the materials for 
unbound base or subbase applications. The expansion was monitored up to 60 days. The authors 
found that the total expansion of SFS FRAP aggregates was less than that of virgin SFS 
aggregates (Figure 6-2). The degree of expansion was 6.2% and 5.8% for virgin nonporous steel 
slag, 4.1% for a virgin porous steel slag, 1.7% for a RAP that contained about 92% steel slag 
aggregates, 1.5% and 1.1% for steel slag aggregate RAP, 0.9% for a stone mastic asphalt (SMA) 
RAP, 0.2% for a surface binder course RAP that contained about 60% steel slag aggregates, and 
0.3% for a virgin steel slag aggregate, and nearly 0% for air-cooled blast furnace slag and virgin 
dolomite. While the authors did not conduct a chemical analysis, it is possible that the lower 
degree of expansion for the SFS FRAP was because of already hydrated and expanded free CaO 
and free MgO. Additionally, the virgin steel slag aggregates that did not expand significantly 
likely did not have high contents of free CaO and free MgO.  
Dayioglu et al. (2014) attempted to reduce the swelling potential (tested by ASTM 
D4792, conducted in water at 70°C) of SFS aggregates by coating the aggregates with asphalt 
binder (PG 64-22). As expected, the greatest expansion occurred with the uncoated SFS 
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aggregate. With a coating of 7% by weight of asphalt, the SFS aggregate did not expand (Figure 
6-3). Samples with lower contents of asphalt experienced swelling, but with a coating of 4% by 
weight of asphalt, the SFS aggregate expanded 70% less than the uncoated SFS aggregate 
sample. The swelling of the SFS aggregate was also reduced by mixing water treatment residual 
(WTR) with the aggregates.  
Senior et al. (1994) examined the expansion potential of a 10-year-old SFS RAP by 
ASTM D4792. A blend of SFS RAP with granular material resulted in a low expansion (<1%) 
after 7 days while, at the same time, the virgin SFS aggregates (BOF and EAF) had high 
expansion (3-6%). Specifically, the expansion of the blended materials after 7 days was as 
follows: 15/85 SFS RAP/granular 0.44%, 30/70 SFS RAP/granular 0.61%, 40/60 SFS 
RAP/granular 0.61%, and 50/50 SFS RAP/granular 0.65%. An additional test with 100% SFS 
RAP resulted in very low expansion (0.03%), which was attributed to a delayed reaction. A RAP 
with trap rock underwent zero expansion as did a blend of virgin sand and gravel. At later ages, 
the expansion was similar between the samples with 100% SFS RAP and 30% SFS RAP, as can 
be seen in Figure 6-4. The virgin SFS aggregates underwent significant expansion, even at later 
ages. These findings led to the recommendations that a blend with a maximum of 30% SFS RAP 
is allowed for certain granular base and subbase applications in Ontario and that 100% SFS RAP 
is allowed for use as material for unpaved shoulders.  
There are very few specifications or recommendations that mention the allowable use of 
SFS RAP or SFS FRAP. The Indiana Department of Transportation (INDOT) allows the use of 
SFS RAP in asphalt pavements, provided that the existing specifications for RAP are still met 
(INDOT 2014). The Ministry of Transportation of Ontario (MTO) allows the use of some SFS 
RAP materials for unpaved gravel shoulders, but SFS RAP aggregates are not allowed in HMA 
pavements (MTO 2013). 
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Figure 6-2. Expansion results for various aggregates, including virgin slags, SFS RAP, RAP, and 
natural aggregates. Source: Deniz et al. (2010). 
 
 
Figure 6-3. ASTM D4792 expansion results for virgin steel slag (SS) and with 4% and 7% 
bitumen contents (BC). Additional tests were conducted by adding water treatment residual 
(WTR). Source: Dayioglu et al. (2014). 
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Figure 6-4. ASTM D4792 expansion results for virgin SFS and SFS RAP aggregates. 
Source: Senior et al. (1994). 
 
6.2.6 Testing of SFS Aggregates  
Given that the composition and performance of SFS aggregates differ from conventional 
virgin aggregates, additional tests may be appropriate. Farrand and Emery (1995) suggested that 
performance testing of SFS is appropriate, particularly petrographic examination, expansion 
measurements after a 1-hour autoclaving, and expansion measurements after a 7-day water 
immersion (after ASTM D4792). However, chemical composition is also of critical importance, 
particularly in the form of free lime content determination.  
 
6.2.6.1 Free CaO Content Determination  
The total free CaO of the SFS is of critical importance, as the hydration of the CaO to 
form Ca(OH)2 is the initial expansive reaction of the aggregate. Heaton et al. (1996) argued that 
the expansion of SFS aggregates is affected by the morphology and distribution of the free CaO 
in the SFS particle, so the estimated total free CaO content is not the only indicator of the 
expansion potential. A number of studies have investigated methods to measure free CaO 
content, and other studies have attempted to refine the measurement to provide a more accurate 
estimation. The most prevalent methods involve a chemical extraction technique.     
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The European Standard EN 1744-1:2009+A1 (2013) lists a number of testing methods 
for the free CaO content of SFS aggregates, including complexometry (complexometric 
titration), conductometry, and acidimetry. The SFS aggregate is ground and then free CaO is 
extracted by the sample using ethylene glycol. The calcium ion content can then be determined 
through complexometric titration or conductance measurements with the concentration of the 
calcium ions assumed to be only from the free CaO. Alternatively, in the acidimetry method, the 
free CaO can be extracted with ethyl acetoacetate and titrated with hydrochloric acid.  
 Ministry of Transportation of Ontario (MTO 1996) also specifies a test method for the 
free CaO content of SFS aggregates through complexometric titration. In this method, the sample 
is mixed with ethylene glycol and methyl alcohol and heated to dissolve the free CaO. After 
filtering, the filtrate is titrated with hydrochloric acid after a bromothymol blue indicator is 
added.  
 A number of rapid test methods by complexometric titration have been developed to 
determine the free CaO content of cement and clinker, which were summarized in ASTM STP 
985 (Gebhardt 1988). The four described methods involved dissolving the free CaO in hot 
ethylene glycol, which was at temperatures of 230°C, 80-100°C, 80-90°C, or 110°C, depending 
on the method. Three of the methods then specified using a phenolphthalein indicator and 
titration with hydrochloric acid while the other method specified a chrome blue-black indicator 
and titration with ethylenediaminetetraacetate (EDTA).  
  Thermogravimetric analysis (TGA) has also been used to refine the estimated total free 
CaO content of SFS aggregates (Kneller et al. 1994). The free CaO content was determined 
using ethylene glycol, phenolphthalein indicator, and titration with hydrochloric acid. Assuming 
that the CaO in the SFS aggregate can be hydrated to form calcium hydroxide or carbonated to 
form calcium carbonate, TGA was used to determine these contents knowing the decomposition 
temperatures of both calcium hydroxide and calcium carbonate. The total initial free CaO was 
assumed to be the sum of the free CaO (determined from complexometric titration) and the CaO 
contents from calcium hydroxide and calcium carbonate (determined from TGA).  
 Belhadj et al. (2012) extracted the calcium ions with glucose and then titrated with 
hydrochloric acid. The authors then used TGA and differential thermal analysis to determine the 
calcium hydroxide and calcium carbonate amounts in the sample in order to accurately determine 
(i.e. refine) the free CaO content. Similarly, Lun et al. (2008) and Gumieri et al. (2004) used an 
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ethylene glycol method to determine the free CaO and calcium hydroxide content of the SFS and 
then used TGA to determine the calcium hydroxide content, whereas Papayianni and Anastasiou 
(2011) used the “sugar test” from ASTM C25 and TGA-DTA to fully quantify the free CaO 
content. Okamoto et al. (1981) also used TGA-DTA to estimate the contents of Ca(OH)2, 
Mg(OH)2, and CaCO3.  
 Other studies have specified free CaO determination: extraction by ethylene glycol and 
methanol with titration (Coomarasamy and Walzak 1995), an ethylene glycol method (Thomas 
1983; Motz and Geiseler 2000; Faraone et al. 2009), extraction by warm ethylene glycol with 
titration by hydrochloric acid with phenolphthalein indicator (Gupta et al. 1994), extraction by a 
sugar solution with titration by sulfuric acid with a phenolphthalein indicator (Waligora et al. 
2010), the EN 1744-1 acidimetry method (Mahieux et al. 2009, 2014), the EN 1744-1 standard 
(Manso et al. 2006), the EN 1744-1 complexometric method (Netinger et al. 2011), the Spanish 
standard UNE 80-216-91 (Vázquezramonich and Barra 2001), an ethylene glycol method by the 
Brazilian standard NBR 7227 (Gumieri et al. 2004), chemical analysis and microscopy methods 
(Wachsmuth et al. 1981), a tribromophenol-glycerol extraction (Okamoto et al. 1981), and 
extraction with heated glycerol and titration with benzoic acid with phenolphthalein indicator 
(Wang 1992). A number of other studies reported a free CaO content, but did not describe the 
method in which the value(s) was determined.  
A number of methods have been developed and used to determine the free CaO content 
of SFS, the most prominent of which appears to be ethylene glycol extraction with 
complexometric titration. One complication with the ethylene glycol extraction is that it also 
extracts the calcium ions from other phases, such as calcium hydroxide (MacPherson and 
Forbrich 1937). A number of researchers have therefore used thermal analysis in conjunction 
with complexometric titration techniques to more accurately quantify and refine the free CaO 
content of SFS.  
 
6.2.6.2 Free MgO Content Determination 
 No test method has yet been proposed to accurately determine the free MgO content of 
SFS aggregates. The European Standard EN 1744-1:2009+A1 (2013)  states: “The total MgO 
content is used as a measure of free MgO, in the absence, at present of a reliable method of 
determining the content of free MgO.” Some researchers, however, have attempted to study the 
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free MgO content by other methods. Rojas and de Rojas (2004) used a leaching method to 
estimate the free MgO content of EAF slags.  
 
6.2.6.3 Mineralogical and Chemical Composition  
The simplest and most common method for determining the mineralogical composition 
of a crystalline sample is by x-ray diffraction (XRD), in particular powder XRD. The European 
Standard EN 1744-1:2009+A1 (2013) provides some methodology for distinguishing CaO from 
Ca(OH)2 in powdered SFS samples. All crystalline materials have a periodic spacing of atoms, 
the electrons of which scatter x-rays along certain crystallographic “planes” and the particular 
angles of scattering is more or less specific to a given crystalline compound (Kvick 2010). 
Therefore, XRD can be used to identify the mineralogical composition of SFS aggregates. 
Quantitative XRD is possible, although accuracy levels of about 2-3% (by weight) are common, 
using internal/external standards, matrix flushing, the relative intensity ratio method, or the 
Rietveld method (Artioli 2010).  
The chemical composition of SFS aggregates has been determined through numerous 
techniques, mainly x-ray fluorescence (XRF) and energy dispersive x-ray spectroscopy (EDX) 
(Gupta et al. 1994; Coomarasamy and Walzak 1995; Gumieri et al. 2004; Lun et al. 2008; 
Etxeberria et al. 2010; Iacobescu et al. 2011; Yildirim and Prezzi 2011; Belhadj et al. 2012; 
Qasrawi 2012; Mahieux et al. 2014; Pellegrino et al. 2013; Pellegrino and Faleschini 2013; San-
José et al. 2014; Vlcek et al. 2013; Kim et al. 2014), but other studies have also used other 
methods, such as inductively coupled plasma atomic emission spectroscopy (Luxán et al. 2000; 
Rojas and de Rojas 2004; Xue et al. 2006; Faraone et al. 2009; Shen et al. 2009; Suer et al. 2009; 
Legret et al. 2010; Waligora et al. 2010), using an electron microprobe analyzer (Coomarasamy 
and Walzak 1995), and atomic absorption spectroscopy (Sersale et al. 1986b). While a number of 
other studies report the chemical composition of the tested SFS, description of the testing method 
for composition was not discussed.  
 
6.2.6.4 Expansion Testing  
Given the expansive nature of SFS, a number of test methods have been developed to 
further quantify the expansion potential. Because the expansion of SFS can be upwards of 10% 
(Emery 1982), it is very important to characterize the expansion of SFS as well as SFS FRAP.  
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European Standard EN 1744-1:2009+A1 (2013) provides a test method for the expansion 
of steel slag aggregates. In this method, the expansion of a compacted SFS sample subjected to 
100°C steam is measured for either 24 or 168 hours, depending on the MgO content.  
Pennsylvania Test Method (PTM) 130, which has since been redeveloped into ASTM 
D4792, specifies a test for the volumetric expansion of steel slag aggregates by submerging a 
compacted sample in water at 160°F for one week. Kandhal and Hoffman (1997) tested 10 steel 
slag aggregate sources for expansion by PTM 130 and found that sources that had been 
weathered outdoors for at least 6 months had negligible expansion (0.0-0.3%) while raw sources 
that had not been weathered had high expansions (1.1-2.8%). The results also indicated that 
coarser aggregates expand more than finer (passing #4 sieve) aggregates. Wang (1992) also 
tested compacted SFS samples in water at 165°F for upwards of 30 days but found that the 
expansion does not have a unique correlation with the SFS particle size. Wang et al. (2010) 
derived a theoretical expansion of SFS aggregates based on the specific gravity and free CaO 
content of the SFS, which was found to correlate well with the large expansion within the first 1-
2 weeks of testing by ASTM D4792. A similar test method was proposed by Emery (1974), 
where a compacted sample was submerged in water at 180°F until the sample stopped swelling. 
The results indicated that typically one week was sufficient for the testing interval, because the 
expansion in 180°F water after 7 days was twice as much as the long-term expansion in 68°F 
water after 475 days (Emery 1977). However, gradation was found to have a significant impact 
on the expansion behavior (Emery 1974, 1977), so, for comparative testing, it was recommended 
that the gradation be controlled, although the gradation used for the aggregate application should 
also be tested (Emery 1974).  
 Cylindrical mortar specimens with OHF slag aggregates were measured for expansion by 
Crawford and Burn (1969). The results indicated that at 100°C and 100% relative humidity, the 
mortar with OHF linearly expanded rapidly to 3 to 5% elongation and then stopped after about 2 
months. In contrast, mortar specimens with OHF slag aggregates cured at 15°C and 90% relative 
humidity continued expanding after 5 months at rates upwards of 3.5% per year.  
 Subjecting a sample to pressure and temperature, known as autoclaving, has also been 
used to characterize the expansion potential of SFS. Wang (1992) autoclaved loose aggregates at 
357 kPa and 137°C for 50 minutes to check for unsoundness (i.e. disintegration, cracking). The 
Ohio Department of Transportation Supplement 1071 (ODOT 2008) lists that an autoclave 
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disruption test is optional for SFS quality control requirements. Qian et al. (2002) also used an 
autoclave treatment at 2 and 5 MPa to observe the changes in mineralogy of finely powdered 
SFS and to measure the linear expansion of bars made with SFS and oil well cement. An 
autoclave test of mortar with SFS aggregate was conducted by Vázquezramonich and Barra 
(2001), but the authors concluded that the dimension of the mortar bar limited the maximum 
aggregate size too much to cause significant expansion. Mortar bars containing OHF slag were 
autoclaved (215°C and 300 psi for 3 hours) in a study by Crawford and Burn (1969), who found 
that some samples expanded linearly by around 10% while other specimens disintegrated.  
Okamoto et al. (1981) autoclaved LD slag particles at different pressures and times to 
determine the degree of hydration, amount of disintegration, and percent volume expansion. The 
degree of hydration of the free CaO increased with increasing autoclaving times, increasing 
pressures, and decreasing particle size. The degree of disintegration varied with particle size, but 
there was no discernible trend. The reacted compounds of MgO and CaO, namely Ca(OH)2, 
Mg(OH)2, and CaCO3, were all found to increase in increasing autoclaving pressures and times. 
The authors found that measuring the degree of hydration, amount of disintegration, or percent 
volume expansion were all useful in quantifying the expansion potential of LD slag, although the 
percent volume expansion measurement was the most sensitive. The findings also suggested that 
the hydration of MgO was slower than CaO. In one LD slag source, the CaO appeared to fully 
hydrate to Ca(OH)2 after 24 hours under 43 psi and the MgO appeared to fully hydrate to 
Mg(OH)2 after 24 hours under 426 psi. A regression analysis of 150 tests showed that the degree 
of hydration of the sample, based on the dry sample weight before and after autoclaving, was 
proportional to the pressure, treatment time, and free CaO content and inversely proportional to 
the particle size.  
Autoclaving has also been performed on concrete samples (Vázquezramonich and Barra 
2001), and it was found that some concretes with EAF slag aggregates expanded by more than 
double that of the reference control concrete while other EAF slag aggregate sources produced 
similar expansions to the reference. Wang (1992) autoclaved saw-cut discs of concrete with BOF 
aggregate for 100 minutes and found no distresses or disruptions. Kim et al. (2014) autoclaved 
mortar prisms and found that the mixture with rapidly cooled steel slag aggregate underwent less 
length change (i.e. expansion) than the mixture with natural sand.  
 325 
Disintegration tests have also been used to characterize the expansion potential of SFS. 
The Indiana Test Method (ITM) 219 (ITM 2008) determines a content of deleterious material in 
SFS by heating a sample in an autoclave at 295 psi for 3 hours, and the deleterious content is 
defined as the ratio of the weight passing the #4 sieve after autoclaving to the weight retained on 
the #4 sieve before autoclaving. Heaton et al. (1996) described tests where the SFS particles are 
placed in trays submerged in room-temperature water to observe the disintegration over time and 
found that the particle degradation is complete after 3 to 4 weeks, particularly for smaller particle 
sizes.  
 
6.3 AGGREGATE PROPERTIES OF SFS AND SFS FRAP  
In this study, three SFS FRAP and three virgin SFS aggregate sources were evaluated for 
comparison of the properties and chemical and mineralogical composition. Only one of the SFS 
FRAP sources was then evaluated for its effect on numerous concrete properties, but all SFS 
FRAP sources were tested for strength. Two of the virgin SFS sources were also tested for their 
effect on the concrete properties.    
Details of the three SFS FRAP sources can be found in Table 6-5. All three of the SFS 
FRAP aggregates were sourced from asphalt concrete pavements that had total aggregate 
contents roughly consisting of one-third SFS aggregate, one-third dolomitic coarse aggregate, 
and one-third crushed stone fine aggregate. The SFS aggregates in these pavements were sourced 
from plants in northwest Indiana, and all three sources were likely BOF slag. The original 
performance grade (PG) of the asphalt for all three mixes was PG 76-22.  
A total of three virgin SFS sources were evaluated. The sources of the virgin SFS 
aggregates are shown in Table 6-6. One of the sources is from a ladle metallurgy furnace (LMF) 
process, which is a modified EAF process. It was requested from Edw. C. Levy (Virgin SFS 2 
and 3) that one source be of high expansion potential and the other low expansion.  
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Table 6-5. SFS FRAP Sources and Testing Regimen 
 SFS FRAP 1 SFS FRAP 2 SFS FRAP 3 
SFS FRAP Production 
Source 
Curran Contracting 
(DeKalb, IL) 
Geneva 
Construction 
Central Blacktop 
Year of Placement 2001 1997 2001 
Year of Milling 2012 2008* 2012 
SFS Aggregate Source  
Multiserv (East 
Chicago, Indiana) 
Heckett-LTV 
(northwest 
Indiana) 
Heritage Slag/ 
Beemsterboer Slag 
(Gary, Indiana) 
Design Asphalt 
Content 
5.6% 5.4% 5.4% 
SFS Content in 
Original HMA Mix 
33% 32-33% 35% 
*Aggregate was stockpiled after milling 
 
Table 6-6. Virgin SFS Sources and Testing Regimen 
 Virgin SFS 1 Virgin SFS 2 Virgin SFS 3 
Virgin SFS 
Source 
Beemsterboer Slag 
(Gary, IN) 
Edw. C. Levy, Butler 
Mill Service (Butler, 
IN) 
Edw. C. Levy, 
Charleston Mill 
Service (Huger, SC) 
SFS Type BOF EAF EAF/LMF 
Product 
Specification 
IDOT CM 13, CM 14 QA 11 Pea Gravel 
 
6.3.1 Aggregate Physical Properties 
The coarse aggregate physical properties that were tested for each of the three SFS FRAP 
and three virgin SFS sources and the corresponding standard are shown in Table 6-7. Three 
replicates of each test were performed per source, except for the asphalt content and 
characterization tests, in which only one or two replicates were performed.  
 
Table 6-7. Coarse Aggregate Properties Tested 
Test Standard 
Gradation ASTM C136 (2006) 
Unit Weight (Rodding Method) ASTM C29 (2009) 
Specific Gravity and Absorption ASTM C127 (2007) 
Asphalt Content and 
Characterization 
AASHTO T164 (2011); AASHTO T313 (2010); AASHTO 
T315 (2010); ASTM D5404 (2011); ASTM D6847 (2002) 
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6.3.1.1 SFS FRAP Physical Properties 
The results for the SFS FRAP aggregate properties
†
 are shown in Table 6-8 as a 
comparison between the SFS FRAP properties with previous FRAP studies. Figure 6-5 compares 
the various FRAP sources gradations. SFS FRAP has slightly higher specific gravities and 
absorption relative to dolomite FRAP. The higher absorption capacity of the SFS FRAP 
aggregates is caused by the SFS aggregate, which can have a higher absorption capacity relative 
to dolomite. The original pavements only contained about one-third SFS aggregate, so the SFS 
FRAP aggregate should have slightly higher specific gravities with the presence of the SFS 
aggregate. From Table 6-8, the SFS FRAP sources still have a significant amount of material 
passing the #4 (4.75 mm) sieve. In particular, SFS FRAP 3 has a high amount passing the #4 
sieve, which is probably why the bulk unit weight is higher than the other FRAP sources.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                 
†
 The test results are the average of three replicate tests. See Brand and Roesler (2014) for the individual test results. 
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Table 6-8. Comparison of SFS FRAP and Dolomite FRAP Aggregate Properties 
  
SFS 
FRAP 1 
SFS 
FRAP 2 
SFS 
FRAP 3 
Clean 
FRAP* 
Unwashed 
Dirty 
FRAP* 
Washed 
Dirty 
FRAP* 
FRAP** 
Relative SG (OD) 2.63 2.51 2.63 2.53 2.52 -- 2.50 
Relative SG (SSD) 2.69 2.59 2.70 2.59 2.56 -- 2.54 
Apparent SG 2.78 2.74 2.83 2.70 2.64 -- 2.62 
Absorption (%) 2.00 3.44 2.65 2.45 1.79 -- 1.96 
Bulk Unit Weight 
(lb/ft3) 
96.5 96.4 101.1  93.4 90.1 -- 94.8 
Asphalt Content (%) 3.6 3.8 3.9 2.14 3.26 -- 3.76 
Gradation (Cumulative Percent Passing) 
Sieve Size 
SFS 
FRAP 1 
SFS 
FRAP 2 
SFS 
FRAP 3 
Clean 
FRAP* 
Unwashed 
Dirty 
FRAP* 
Washed 
Dirty 
FRAP* 
FRAP** 
1 in 25mm 100.0% 100.0% 100.0% 100.0% 100.0% 100.0% 100.0% 
3/4 in 19mm 100.0% 100.0% 100.0% 99.9% 100.0% 100.0% 100.0% 
5/8 in 16mm 100.0% 99.9% 100.0% -- -- -- 100.0% 
1/2 in 12.5mm 99.9% 97.9% 99.3% 78.4% 99.3% 99.4% 65.0% 
3/8 in 9.5mm 83.7% 83.4% 88.3% 37.9% 86.3% 82.7% 25.2% 
1/4 in 6.35mm 38.3% 39.8% 60.2% -- -- -- 14.5% 
#4 4.75mm 13.3% 14.5% 39.6% 3.6% 21.9% 4.5% 8.3% 
#8 2.36mm 3.9% 6.9% 12.2% 1.6% 5.5% 0.2% 3.0% 
#16 1.18mm 2.8% 6.1% 6.5% 1.1% 2.8% 0.1% 1.5% 
#30 0.6mm 2.5% 5.7% 5.2% 0.8% 1.9% 0.1% 1.0% 
#50 0.3mm 2.2% 4.4% 4.2% 0.6% 1.3% 0.1% 0.7% 
#100 0.15mm 1.7% 2.7% 2.3% 0.3% 0.7% 0.1% 0.3% 
#200 0.075mm 0.8% 0.6% 0.4% 0.1% 0.3% 0.0% 0.1% 
*Source: Brand et al. (2012); **source: Chapter 5 
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Figure 6-5. Gradation comparisons between various SFS and dolomite FRAP sources. 
 
6.3.1.2 Virgin SFS Aggregate Physical Properties 
For the virgin SFS aggregates, the unit weights, specific gravities, and gradations are 
shown in Table 6-9 as the average of three replicate tests
‡
. As expected, the specific gravities are 
higher than virgin dolomite aggregates, given the composition of SFS aggregates contains 
heavier elements, such as iron. In general, the specific gravity of SFS aggregates can be around 
3.2 to 3.5 (Emery 1982). Overall, it appears that the BOF slag has a higher absorption but lower 
specific gravity than the two EAF slags.  
 
 
 
 
                                                 
‡
 See Brand and Roesler (2014) for the individual test results.  
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Table 6-9. Comparison of Virgin SFS with Virgin Dolomite and SFS FRAP Aggregate 
Properties 
  
Virgin SFS 
1 (BOF) 
Virgin SFS 
2 (EAF) 
Virgin SFS 
3 (EAF/ 
LMF) 
Virgin 
Dolomite* 
SFS 
FRAP 1 
SFS 
FRAP 2 
SFS 
FRAP 3 
Relative SG (OD) 3.26 3.64 3.45 2.67 2.63 2.51 2.63 
Relative SG (SSD) 3.33 3.70 3.51 2.72 2.69 2.59 2.70 
Apparent SG 3.52 3.89 3.68 2.81 2.78 2.74 2.83 
Absorption (%) 2.31 1.75 1.74 1.80 2.00 3.44 2.65 
Bulk Unit Weight 
(lb/ft3) 
127.9  130.6  123.5 96.9 96.5 96.4 101.1  
Gradation (Cumulative Percent Passing) 
Sieve Size 
Virgin SFS 
1 
Virgin SFS 
2 
Virgin SFS 
3 
Virgin 
Dolomite* 
SFS 
FRAP 1 
SFS 
FRAP 2 
SFS 
FRAP 3 
1 in 25mm  100.0% 100.0% 100.0% 100.0% 100.0% 100.0% 100.0% 
3/4 in 19mm 100.0% 100.0% 100.0% 96.2% 100.0% 100.0% 100.0% 
5/8 in 16mm 99.9% 100.0% 100.0% -- 100.0% 99.9% 100.0% 
1/2 in 12.5mm 89.4% 99.9% 96.3% 36.5% 99.9% 97.9% 99.3% 
3/8 in 9.5mm 52.2% 83.3% 73.8% 11.1% 83.7% 83.4% 88.3% 
1/4 in 6.35mm 12.0% 45.3% 28.2% -- 38.3% 39.8% 60.2% 
#4 4.75mm 7.2% 24.1% 9.7% 1.3% 13.3% 14.5% 39.6% 
#8 2.36mm 5.5% 4.7% 3.2% 1.1% 3.9% 6.9% 12.2% 
#16 1.18mm 4.9% 2.2% 2.9% 1.1% 2.8% 6.1% 6.5% 
#30 0.6mm 4.2% 1.9% 2.7% 1.1% 2.5% 5.7% 5.2% 
#50 0.3mm 3.2% 1.6% 2.2% 1.0% 2.2% 4.4% 4.2% 
#100 0.15mm 2.0% 1.3% 1.4% 0.9% 1.7% 2.7% 2.3% 
#200 0.075mm 0.6% 0.9% 0.6% 0.7% 0.8% 0.6% 0.4% 
*Source: Brand and Roesler (2015) 
 
6.3.2 SFS FRAP Asphalt Characterization 
To obtain a sufficient quantity of asphalt needed for characterization, only one test was 
conducted using a quantity of asphalt binder from numerous extractions. The original grade of 
the asphalt used in the pavement from which the SFS FRAP was obtained was PG 76-22. The 
grades of the extracted asphalt are shown in Table 6-10. Previous results suggested that the low 
temperature grade of the extracted FRAP does not change (Brand et al. 2012), so only the low 
temperature grade of SFS FRAP 3 was tested. In fact, only SFS FRAP 3 was the only FRAP 
source that experienced a change in the high-temperature performance grade, i.e., PG 82-22 
versus the original PG 76-22.  
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Table 6-10. Performance Grade of the Extracted SFS FRAP Asphalt 
Sample 
Original Performance 
Grade 
Performance Grade of the 
Extracted Asphalt* 
SFS FRAP 1 (Curran) PG 76-22 PG 76 
SFS FRAP 2 (Geneva) PG 76-22 PG 76 
SFS FRAP 3 (Central Blacktop) PG 76-22 PG 82-22 
*Low temperature grade only determined for SFS FRAP 3 
 
6.3.3 Mineralogical Composition 
The virgin SFS and SFS FRAP aggregates with binder removed were crushed (powdered) 
and the particles passing the #100 sieve (≤150 μm) and the #325 sieve (≤44 μm) were collected 
for powder XRD; this ensured that a representative mineralogical sample was obtained from the 
stockpile since all aggregate sizes were crushed. A Siemens-Bruker D5000 XRD was used, 
which utilizes copper (Cu) Kα radiation and has a graphite monochromator and a scintillation 
detector. The machine was operated at 40 kV and 30 mA. The sample size was 0.5 cm
3
. The scan 
range was from 10° to 80° with an increment of 0.02° and a scan speed of 0.5 degrees per 
minute.  
The identified phases for virgin SFS are summarized in Table 6-11 with individual scans 
shown in Brand and Roesler (2014). Comparing the SFS compositions with those from other 
studies generally suggests they are similar to other published SFS
§
. However, many of the peaks 
of the identified phases overlap, which indicates that steel slag is a multi-phase material with 
numerous impure phases that can have interstitial elements, which skews the peak location and 
makes it difficult to definitively identify the phases. Wüstite and larnite were the most 
prevalently identified phases in the SFS. The other phases that were identified, while potentially 
present in the sample, were not as definitively identified by the analysis software.  
Evidence of carbonation was noted in the first scan of the virgin SFS 1 (BOF) sample, so 
a second scan was performed, which indicated evidence of free CaO that was instead identified 
in the carbonated calcite form in the first scan. All phases identified for Virgin SFS 1 (BOF) 
were in agreement with previous literature
§
, with the exception of the magnesioferrite phase, 
which is not a commonly-identified phase for BOF SFS. However, this phase appeared to fit the 
XRD pattern better than the other potential phases. 
                                                 
§
 See Table 2 in Brand and Roesler (2014), which summarizes the SFS phases identified by XRD in the literature.  
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The phases identified for Virgin SFS 2 (EAF) matched rather well with the commonly 
identified phases in the literature for EAF SFS. Only three phases were identified for Virgin SFS 
3 (EAF/LMF), which were commonly identified phases for EAF SFS. However, it can be noted 
that XRD patterns for Virgin SFS 3 (EAF/LMF) contain relatively fewer peaks and is less noisy 
than the XRD patterns for the other virgin SFS samples, so it is possible that virgin SFS 3 
(EAF/LMF) does not have as many mineralogical phases.  
The presence of CaO was only detected in Virgin SFS 1 (BOF), which is the free CaO in 
the slag. As shown later in Section 3.5, Virgin SFS 1 (BOF) had the highest measured free CaO 
content of the virgin SFS samples. The free CaO contents in the other SFS samples were likely 
too low to be detected by XRD. None of the virgin SFS samples had detectable periclase (MgO), 
which suggests the following: 1) the MgO in the samples is assimilated into other phases (i.e. 
magnesioferrite, bredigite) and is not in an unassimilated “free” state for reaction and/or 2) the 
“free” MgO amount is low enough that it is not detectable by XRD.  
The identified phases for SFS FRAP (with asphalt binder removed) are summarized in 
Table 6-11. Dolomite was predominantly identified, with some additional evidence of calcite and 
quartz (likely from the virgin aggregates in the original aggregate blend) with wüstite potentially 
identified in the smaller peaks. The sample was mainly dolomite aggregate and therefore it was 
expected that XRD would mainly identify the dolomitic phases. In order to better identify the 
phases present in the SFS from the SFS FRAP, the samples were visually separated into the 
natural and SFS aggregate types and then the SFS was crushed and scanned separately. The SFS 
particles were taken from the FRAP samples that were used to determine the asphalt content 
and/or from the methylene chloride extractions to prepare the autoclave samples. The identified 
phases were similar from all three FRAP samples, and the identified phases confirmed that the 
SFS in the FRAP was BOF slag, mainly because of the presence of srebrodolskite (Ca2Fe2O5), 
which is predominantly found in BOF slag (see Footnote §). The free CaO content was 
apparently high enough to be identified in SFS FRAP 1 and 2 but not SFS FRAP 3.  
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Table 6-11. Identified Mineralogical Phases Present in the SFS FRAP and Virgin SFS Samples 
Phase 
SFS 
FRAP 1 
SFS 
FRAP 2 
SFS 
FRAP 3 
Virgin SFS 
1 (BOF) 
Virgin SFS 
2 (EAF) 
Virgin SFS 3 
(EAF/LMF) 
Virgin Coarse 
Aggregate* 
Virgin Fine 
Aggregate (Natural 
Sand)* 
Dolomite 
(CaMg(CO3)2) 
X X X    X X 
Quartz (SiO2) X X X     X 
Larnite, Dicalcium 
Silicate (Ca2SiO4) 
X X X X X X   
Tricalcium Silicate 
(Ca3SiO5) 
   X     
Calcium Oxide 
(CaO) 
X X  X     
Calcite (CaCO3)  X X X     
Wüstite (FeO) X X X X X X   
Magnetite (Fe3O4)     X    
Magnesioferrite 
(MgFe2O4) 
   X     
Bredigite 
(Ca7Mg(SiO4)4) 
    X    
Srebrodolskite 
(Ca2Fe2O5) 
X X X X     
Mayenite 
(Ca12Al14O33) 
    X X   
*Source: Brand et al. (2012) 
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6.3.4 Chemical Composition  
The chemical composition of the SFS samples was determined using inductively coupled 
plasma optical emission spectroscopy (ICP-OES). A PerkinElmer Optima 2000DV ICP-OES 
was used for the analysis. The particles of the tested sample were all passing the #100 sieve 
(≤150 μm); this ensured that a representative sample was obtained from the stockpile since all 
aggregate sizes were crushed. The composition detection was limited to only the main metallic 
elements in typical SFS samples, namely iron, calcium, silicon, magnesium, manganese, 
aluminum, titanium, sulfur, phosphorus, and chromium, as indicated previously by Table 6-1.  
The samples were prepared for ICP-OES by acid digestion. A solution of nitric acid and 
hydrochloric acid was used with a microwave digester to prepare the sample to test for all of the 
aforementioned elements except for titanium and silicon. A solution of nitric acid, hydrochloric 
acid, and hydrofluoric acid was used with a microwave digester to prepare the sample to test for 
the titanium and silicon contents.  
The ICP-OES analysis provides elemental composition (Table 6-12), but these values are 
commonly reported as the oxide contents. The oxide contents were determined stoichiometrically 
based on the elemental and oxide compound molecular weights. The calculated oxide contents 
for the virgin SFS samples are shown in Table 6-13, and, overall, the values agree with the 
literature. The CaO and SiO2 contents appear to be lower than expected. In particular, the SiO2 
content was significantly lower for virgin SFS 3, which could perhaps be attributed to the LMF 
process. The composition of SFS is highly variable, depending on the location, process, and 
materials, so it is perhaps not surprising that the results reported here differ from the “typical” 
values reported in the literature. The oxide contents for the SFS FRAP samples (with asphalt 
removed) are shown in Table 6-14. Because of the presence of dolomite coarse aggregate, the 
MgO content is higher than a typical BOF slag composition and the CaO content is similar to 
typical BOF slag. The quartz present in the original HMA may have increased the SiO2 content, 
particularly as noted in SFS FRAP 1. The overall contents of Cr, Fe, Mn, P, S, and Ti were all 
lower than typical BOF because these elements are not generally found in significant quantities 
in dolomite and quartz.  
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Table 6-12. Elemental Compositions Determined by ICP-OES 
Element 
Virgin SFS 
1 (BOF) 
Virgin SFS 
2 (EAF) 
Virgin SFS 3 
(EAF/LMF) 
SFS FRAP 1 
(Curran) 
SFS FRAP 2 
(Geneva) 
SFS FRAP 3 
(Central Blacktop) 
Al 1.24% 2.08% 3.74% 0.37% 0.43% 0.54% 
Ca 7.86% 16.96% 19.38% 12.10% 19.30% 22.50% 
Cr 0.12% 0.42% 0.37% 0.02% 0.04% 0.04% 
Fe 26.20% 23.91% 25.68% 3.70% 7.24% 5.46% 
Mg 7.66% 5.11% 5.74% 7.48% 11.21% 14.70% 
Mn 1.82% 3.53% 1.90% 0.48% 0.63% 0.70% 
P 0.25% 0.15% 0.22% 0.07% 0.14% 0.13% 
S 0.11% 0.08% 0.15% 0.06% 0.09% 0.11% 
Si 4.34% 4.50% 0.48% 5.96% 4.06% 3.73% 
Ti 0.15% 0.27% 0.22% 0.10% 0.07% 0.06% 
 
Table 6-13. Elemental and Oxide Compositions of Virgin SFS 
Compound 
Virgin SFS 1 
(BOF) 
Typical Values 
(BOF) 
Virgin SFS 
2 (EAF) 
Virgin SFS 3 
(EAF/LMF) 
Typical Values 
(EAF) 
Al2O3 2.3% 1-6%* 3.9% 7.1% 2-9%* 
CaO 11.0% 30-55%* 18.8% 27.1% 35-60%* 
Cr 0.1% 0.1-0.5%* 0.4% 0.4% 0.1-1%* 
Total Fe 26.2% 14-22%** 23.9% 25.7% 20-30%** 
MgO 12.7% 5-15%* 8.5% 9.5% 5-15%* 
Total Mn 1.8% 1-5%** 3.5% 1.9% 2-8%** 
P 0.3% 0.2-2%* 0.2% 0.2% 0.01-0.25%* 
S 0.1% 0.05-0.15%* 0.1% 0.2% 0.08-0.2%* 
SiO2 9.3% 8-20%* 9.6% 1.0% 9-20%* 
TiO2 0.3% 0.4-2%* 0.5% 0.4% 0.3-1%*** 
References: *Shi (2004), **Balcázar et al. (1999), ***Gutt and Nixon (1979) 
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Table 6-14. Elemental and Oxide Compositions of SFS FRAP 
Compound 
SFS FRAP 1 
(Curran) 
SFS FRAP 2 
(Geneva) 
SFS FRAP 3 
(Central 
Blacktop) 
Typical Values 
(BOF Slag) 
Al2O3 0.70% 0.81% 1.0% 1-6%* 
CaO 16.9% 27.0% 31.5% 30-55%* 
Cr 0.02% 0.04% 0.04% 0.1-0.5%* 
Total Fe 3.7% 7.2% 5.5% 14-22%** 
MgO 12.4% 18.6% 24.4% 5-15%* 
Total Mn 0.48% 0.63% 0.70% 1-5%** 
P 0.07% 0.14% 0.13% 0.2-2%* 
S 0.06% 0.09% 0.11% 0.05-0.15%* 
SiO2 12.7% 8.7% 8.0% 8-20%* 
TiO2 0.16% 0.12% 0.10% 0.4-2%* 
References: *Shi (2004), **Balcázar et al. (1999), ***Gutt and Nixon (1979) 
 
6.3.5 Free Calcium Oxide and Magnesium Oxide Contents 
6.3.5.1 Free CaO Contents  
Based on the literature, the free CaO content of SFS is commonly determined by a 
complexometric titration technique using an ethylene glycol extraction with an acid titration and 
a pH indicator. For the existing documentation on determining the free CaO specifically of SFS, 
EN 1744-1:2009+A1 (2013) details extracting the calcium ions in ethylene glycol for 30 minutes 
in a 70°C water bath, while the Ministry of Transportation of Ontario specifies an extraction in a 
solution of 2/3 ethylene glycol and 1/3 methyl alcohol for 30 minutes in a boiling water bath 
(MTO 1996). Gupta et al. (1994) also used heated ethylene glycol (60 to 70°C) but did not 
specify the total time of extraction. Therefore, for this study, the extraction temperature would be 
at 100°C with hot ethylene glycol. 
The extraction procedure followed was that about one gram of sample was weighted out. 
The material was all passing the #100 sieve (≤150 μm). The sample was added to a flask with 50 
mL of ethylene glycol, which was stirred continuously (via magnetic stirrer) in a 95±5°C water 
bath on a hot plate for 30 minutes. The solution was then filtered under vacuum suction through 
filter paper that had been wetted with ethylene glycol. The flask was rinsed twice with 10 mL of 
ethylene glycol, which was then also filtered. Ten drops of phenolphthalein solution were added 
to the filtrate, which was then titrated with 0.05 N hydrochloric acid (HCl).  
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Studies of SFS have suggested that ethylene glycol will dissolve both CaO and Ca(OH)2 
(Thomas 1983; Motz and Geiseler 2000; Lun et al. 2008; Belhadj et al. 2012), which is not 
necessarily correct. Rather, ethylene glycol will dissolve, or, more precisely, form a complex 
with, the calcium ions from the free CaO but not necessarily all of the free Ca(OH)2. 
MacPherson and Forbrich (1937) were the first to recognize that ethylene glycol may not 
dissolve all of the available Ca(OH)2, possibly as a result of the large crystal sizes. Therefore, the 
complexometric titration test was used to determine an ethylene glycol number (EGN), which 
represents the total free CaO and anywhere from all to none of the available Ca(OH)2 in the 
sample. The EGN is determined based on the initial mass in grams of the SFS sample (m), the 
normality of the HCl (NHCl), the volume in mL of HCl titrated (VHCl), a correction for the volume 
in mL of HCl titrated in a blank ethylene glycol sample (Vblank), and an equivalency factor (F): 
 
𝐸𝐺𝑁 = 𝐹 [
𝑁𝐻𝐶𝑙(𝑉𝐻𝐶𝑙 − 𝑉𝑏𝑙𝑎𝑛𝑘)
10 𝑚
] (6-1)  
The equivalency factor F for this method and equation formulation is 28 (Javellana and Jawed 
1982; MTO 1996). The correction Vblank is specified in other standards (EN 1744-1:2009+A1 
2013) to account for the amount of HCl needed to titrate a plain solvent sample (i.e., plain 
ethylene glycol). To determine Vblank, 70 mL of 70°C ethylene glycol was titrated with 0.05 N 
HCl and a phenolphthalein indicator, which resulted in Vblank = 0 mL; this is a reasonable result 
because the pH of ethylene glycol is close to neutral.  
To test the validity of this test procedure, samples of CaO, Ca(OH)2, CaCO3, and 
CaMg(CO3)2 were also tested using particle sizes ≤ 44 μm. The pure CaO was created by heating 
a sample of reagent grade CaO in an oven at 1000°C to effectively remove all Ca(OH)2 and 
CaCO3 present. The results in Table 6-15 indicate that both CaO and Ca(OH)2 are dissolved by 
ethylene glycol while CaCO3 and CaMg(CO3)2 are not. The pure CaO sample created by heating 
CaCO3 did not yield a 100% free CaO content like the pure CaO sample derived from heating 
reagent grade CaO, which can be possibly because not all of the CaCO3 decomposed into CaO or 
some of the sample re-carbonated as the sample cooled.  
As can be noted, the free calcium ion content from the Ca(OH)2 is less than 100%, which 
is expected because the ethylene glycol forms a complex with the CaO from the Ca(OH)2. 
Stoichiometrically, the estimated Ca(OH)2 content is 96.8% for the EGN value of 73.3%, which 
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is reasonable considering that the reagent purity of the sample was ≥95%. This suggests that 
ethylene glycol will dissolve the available free Ca(OH)2.  
The filtrate of the EAF SFS and EAF/LMF SFS samples was clear, so it was relatively 
easy to see the final titration point when the pink color from phenolphthalein disappeared. 
However, the filtrate of the BOF SFS was orange-red in color, so to determine the final titration 
point, two samples of filtrate were placed side-by-side, and the phenolphthalein was added to one 
of the samples and then titrated with HCl until the color returned to the initial orange-red. The 
average EGN values were found to be: 4.4% for the virgin BOF SFS, 0.06% for the virgin EAF 
SFS, and 0.5% for the virgin EAF/LMF SFS. These values are not surprising considering that the 
free CaO content can be 1-10% for BOF slag and 0-4% for EAF (Balcázar et al. 1999). It is not 
unexpected that the free CaO content of the BOF slag was high, given that, when crushed, 
particles of unassimilated CaO could be clearly seen (Figure 6-6).  
The SFS from the SFS FRAP samples also contained relatively high EGN values (Table 
6-15), which is consistent with the SFS sources coming from BOF slags. However, the high 
EGN value is somewhat unexpected given that the samples were taken from existing pavements, 
and it was assumed a significant amount of weathering had occurred. Therefore, it appears that 
the asphalt coating in the field prevented the SFS from significantly hydrating the CaO and 
assumedly MgO.  
   
 
 
 
 
 
 
 
 
 
 
 
 339 
Table 6-15. Ethylene Glycol Numbers as Determined by Complexometric Titration 
Sample 
Test 
Replicate 
Sample 
weight (g) 
Molarity 
of HCl 
Amount HCl 
Titrated (mL) 
Ethylene Glycol 
Number (EGN) 
Pure CaO* 1 0.3315 0.05 239.0 100.9 
Pure CaO** 1 0.4985 0.05 325.0 91.3 
Ca(OH)2 1 0.6592 0.05 345.0 73.3 
CaCO3 1 0.9102 0.05 0 0.0 
CaMg(CO3)2 1 1.0278 0.05 0 0.0 
SFS Tested “As Is” 
Virgin SFS 1 (BOF) 
1 1.0575 0.05 33.6 4.45 
2 1.0760 0.05 33.4 4.35 
Virgin SFS 2 (EAF) 
1 0.9899 0.05 0.4 0.06 
2 1.0067 0.05 0.4 0.06 
Virgin SFS 3 
(EAF/LMF) 
1 0.9757 0.05 3.6 0.52 
2 1.0529 0.05 3.8 0.51 
SFS from SFS 
FRAP 1 (Curran) 
1 1.0050 0.05 29.0 4.04 
2 1.0226 0.05 28.8 3.94 
SFS from SFS 
FRAP 2 (Geneva) 
1 1.0070 0.05 27.2 3.78 
2 0.9794 0.05 25.4 3.63 
SFS from SFS 
FRAP 3 (Central 
Blacktop) 
1 1.0486 0.05 39.2 5.23 
2 1.0244 0.05 36.1 4.93 
Created by heating reagent grade CaO*, CaCO3** 
 
 
Figure 6-6. Particles of unassimilated CaO (white particles) could be seen in the Virgin SFS 1 
(BOF) sample after crushing. 
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Because Ca(OH)2 is not necessarily fully dissolved by ethylene glycol (MacPherson and 
Forbrich 1937), another method was devised to determine the total free CaO content. In this 
method, the powdered SFS sample was heated in an oven to 1000°C to convert the samples 
Ca(OH)2 and CaCO3 to CaO and then cooled to room temperature in the oven. The idea was to 
test the heat-treated SFS using the ethylene glycol extraction technique to determine the existing 
free CaO content (Table 6-16), and then adjust the value based on the Ca(OH)2 and CaCO3 
contents from TGA. Because it was assumed in this case that all of the Ca(OH)2 and CaCO3 in 
the sample was converted to CaO after heating, the computed EGN was simply assumed to be 
the total free CaO. This idea was only applied to Virgin SFS 2 and 3 because it was evident that, 
while the percent free CaO content determined increased (compare Table 6-16 to Table 6-15), 
adjusting the measured free CaO content based on the CaO contents predicted by TGA would 
result in a negative free CaO content. For the Virgin SFS 3 example, the Ca(OH)2 and CaCO3 
contents from TGA were 0.87% and 2.33%, respectively, which would estimate CaO contents, 
based on the molar mass ratios, of 0.66% and 1.31% from Ca(OH)2 and CaCO3, respectively. 
However, only 1.07% free CaO was directly measured. Therefore, upon cooling, some of the 
CaO could be carbonating, preventing the CaO from being dissolved by the ethylene glycol. The 
temperature affects the carbonation kinetics of CaO. In a study by Rouchon et al. (2013), CaCO3 
was calcined in an inert atmosphere and then the temperature was reduced to various levels (650, 
600, 550, 500, and 450°C) before introducing CO2, and it was found that the lower temperatures 
resulted in less formation of CaCO3 at a given exposure time.   
 
Table 6-16. Free CaO Content of Heated Samples (Cooled in the Oven) as Determined by 
Ethylene Glycol Extraction 
Sample 
Test 
Replicate 
Sample 
weight (g) 
Molarity 
of HCl 
Amount HCl 
Titrated (mL) 
Percent Free 
CaO 
Virgin SFS 2 
(EAF) 
1 1.0216 0.05 0.7 0.10 
2 1.0052 0.05 1.0 0.14 
Virgin SFS 3 
(EAF/LMF) 
1 1.0350 0.05 7.9 1.07 
2 0.9856 0.05 7.6 1.08 
 
One final heating scheme was devised and tested in which the sample was heated to 
1000°C and then immediately placed under vacuum so that, upon cooling, the sample could not 
carbonate. A similar method could also be tested in which the sample is heated and cooled in an 
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inert environment (such as nitrogen) to prevent carbonation, but because such equipment was not 
available, the previously described heating and cooling scheme was tested. Again, it was 
assumed that the computed EGN only represented the total free CaO. However, as is indicated in 
Table 6-17, this test did not prove to be successful. It is suspected that the sample re-carbonated 
while cooling as the sample was moved from the oven to the vacuum, as Virgin SFS 2 (EAF) did 
not even indicate the presence of any CaO.  
 
Table 6-17. Free CaO Content of Heated Samples (Cooled Under Vacuum) as Determined by 
Ethylene Glycol Extraction 
Sample 
Test 
Replicate 
Sample 
Weight (g) 
Molarity 
of HCl 
Amount HCl 
Titrated (mL) 
Percent Free 
CaO 
Virgin SFS 2 
(EAF) 
1 1.0074 0.05 0.0 0.00 
Virgin SFS 3 
(EAF/LMF) 
1 1.0091 0.05 4.2 0.58 
2 1.0401 0.05 3.6 0.48 
3 1.0181 0.05 3.8 0.52 
 
Based on the findings, the EGN values reported in Table 6-15 were deemed to be the 
most acceptable. Because a sample of pure Ca(OH)2 was found to be entirely complexed by 
ethylene glycol, it is assumed that, at least in this testing scenario, the ethylene glycol is 
complexing with all of the available Ca(OH)2 in the SFS and SFS FRAP samples. Therefore, 
TGA testing was performed to determine the Ca(OH)2 contents of the SFS samples in order to 
estimate (or backcalculate) a total free CaO content of the sample.  
 
6.3.5.2 MgO Content  
The European Standard EN 1744-1:2009+A1 (2013)  states: “The total MgO content is 
used as a measure of free MgO, in the absence, at present of a reliable method of determining the 
content of free MgO.” The standard then references using EN 196-2 to determine the MgO 
content of the SFS, which is a specified standard method to use x-ray fluorescence to determine 
the chemical composition of cement. Therefore, it is assumed that the Mg content determined 
from the ICP-OES method (Table 6-18) is a suitable representation of the total MgO content of 
the SFS sample. However, because MgO was not identified by XRD (see Section 3.3) – which 
suggests that the free MgO content is not high enough to be detected by XRD (unlike the free 
CaO detected for Virgin SFS 1 (BOF), which had a high enough content) – it is unclear whether 
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or not these samples actually contain any free MgO available for reaction. In addition, the MgO 
content from ICP-OES for the SFS FRAP does not represent the content from the SFS aggregate 
alone; it is from both the SFS and the dolomite aggregate. However, one possible method for 
backcalculating the initial free MgO content is by TGA after autoclaving the SFS sample, as will 
be discussed in Section 5.3.6.1.   
 
Table 6-18. MgO Content Determined by ICP-OES 
Sample MgO Content 
Virgin SFS 1 (BOF) 12.7% 
Virgin SFS 2 (EAF) 8.5% 
Virgin SFS 3 (EAF/LMF) 9.5% 
SFS FRAP 1 (Curran) 12.4% 
SFS FRAP 2 (Geneva) 18.6% 
SFS FRAP 3 (Central Blacktop) 24.4% 
 
6.3.5.3 Hydroxide and Carbonate Contents  
Knowing that ethylene glycol will complex with the free CaO and the free Ca(OH)2, 
thermogravimetric analysis (TGA) was used to estimate the Ca(OH)2 content in order to refine 
the total free CaO measurement, as has been conducted in other studies of SFS (Thomas 1983; 
Kneller et al. 1994; Gumieri et al. 2004; Lun et al. 2008; Waligora et al. 2010; Papayianni and 
Anastasiou 2011; Belhadj et al. 2012). TGA was selected as the appropriate thermal analysis 
technique because other studies have found the results to be more reliable compared with 
differential thermal analysis (Thomas 1983). The percent free CaO content (CaOfree) can thus be 
determined from a combination of the complexometric titration and TGA methods by subtracting 
the TGA-estimated Ca(OH)2 (CHTGA) content from the EGN value. A correction factor f can be 
included in the equation to account for the estimated amount of Ca(OH)2 that was dissolved by 
the ethylene glycol. In this situation, f can vary from 0% to 100%. Because it could not be 
definitively concluded what the factor f actually is and because the sample of ≥95% reagent 
grade Ca(OH)2 indicated that all of the Ca(OH)2 complexed with ethylene glycol, it is assumed 
for this study that f is 100%.  
 𝐶𝑎𝑂𝑓𝑟𝑒𝑒 = 𝐸𝐺𝑁 − 𝑓(𝐶𝐻𝑇𝐺𝐴) (6-2)  
For the thermal analysis, a TA Instruments Q50 TGA was used in this analysis, which 
heated the sample to 1000°C at a heating rate of 10°C per minute. To avoid any potential 
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hydration or carbonation of the free oxides in the powdered sample, nitrogen was used as the 
purge gas at flow rates of 60 mL/min for the sample purge and 40 mL/min for the balance purge.  
 The content of Ca(OH)2 – or any phase, for that matter, identified by TGA, such as 
Mg(OH)2, CaCO3, and MgCO3, etc. – is determined stoichiometrically. In the case of the 
hydroxide phases (Ca(OH)2, Mg(OH)2), the TGA mass loss is due to dehydration and the loss of 
H2O, while in the case of the carbonate phases (CaCO3, MgCO3, CaMg(CO3)2), the TGA mass 
loss is due to decarbonation and the loss of CO2. The molar masses of the various phases are 
summarized in Table 6-19, which are used to stoichiometrically determine the contents of the 
various phases.   
 
Table 6-19. Molar Masses of Identified Phases by TGA 
Phase Molar Mass (g/mol) 
Calcium Hydroxide Ca(OH)2 74.093 
Magnesium Hydroxide Mg(OH)2 58.320 
Water H2O 18.015 
Calcium Carbonate CaCO3  100.088 
Magnesium Carbonate MgCO3 84.314 
Dolomite CaMg(CO3)2 184.402 
Carbon Dioxide CO2 44.010 
Calcium Oxide CaO 56.078 
Magnesium Oxide MgO 40.304 
  
To confirm the decomposition temperatures for the phases to be examined by TGA, 
control samples of CaCO3 (Figure 6-7), MgCO3 (Figure 6-8), CaMg(CO3)2 (Figure 6-9), 
Ca(OH)2 (Figure 6-10), and Mg(OH)2 (Figure 6-11) were tested:  
 Halikia et al. (2001) found that, in a nitrogen atmosphere, CaCO3 decomposes over a range 
of temperatures from 635 to 865°C. The onset of decomposition of reagent grade CaCO3 
begins around 560°C and be completed around 750°C with the peak at about 730°C (Figure 
6-7), indicating a CaCO3 content of 99.5%.  
 MgCO3 typically exists as a compound of MgCO3-Mg(OH)2-H2O, which decomposes in 
stages in a nitrogen atmosphere: any adsorbed water is lost around 100°C, chemically-bound 
water (water of crystallization) is lost between 130 and 350°C, and the hydroxide and 
carbonate phases decompose between 305 and 520°C (Khan et al. 2001). Two thermal events 
were identified (Figure 6-8), indicating the loss of water of crystallization from 185 to 310°C 
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(peak at about 235°C) and the decomposition of the hydroxide and carbonate phases from 
310 to 470°C (peak at about 430°C). 
 In a nitrogen atmosphere at a heating rate of 10°C/minute, the decarbonation of dolomite 
occurs between 600 and 850°C (Gunasekaran and Anbalagan 2007). The decomposition 
appeared to start around 400°C, but the majority of the mass loss started at around 600°C, 
and finished at about 765°C with a peak at 740°C (Figure 6-7), indicating a dolomite content 
of 92.5%.  
 At a heating rate of 10°C/minute in a nitrogen atmosphere, the peak decomposition of 
Ca(OH)2 occurs around 400-410°C (Chen et al. 1993). The onset of decomposition of ≥95% 
reagent grade Ca(OH)2 began around 295°C and completed around 435°C with the peak at 
about 418°C (Figure 6-10), indicating a Ca(OH)2 content of 90.4%, which is reasonable 
considering that some of the sample could have been carbonated.  
 The decomposition of Mg(OH)2 starts around 350°C in a nitrogen atmosphere (Halikia and 
Economacou 1993). Decomposition of ≥95% reagent grade Mg(OH)2 began around 275°C 
and completed around 440°C with a peak at around 380°C (Figure 6-11), indicating a 
Mg(OH)2 content of 88.8%, which is reasonable considering that some of the sample could 
have been carbonated.   
 
 
Figure 6-7. TGA mass loss for reagent grade calcium carbonate (CaCO3) heated to 1000°C in 
nitrogen at 10°C/minute. 
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Figure 6-8. TGA mass loss for reagent grade magnesium carbonate (MgCO3) heated to 1000°C 
in nitrogen at 10°C/minute. 
 
 
Figure 6-9. TGA mass loss for dolomite (CaMg(CO3)2) heated to 1000°C in nitrogen at 
10°C/minute. 
 
 
Figure 6-10. TGA mass loss for ≥95% reagent grade calcium hydroxide (Ca(OH)2) heated to 
600°C in nitrogen at 10°C/minute. 
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Figure 6-11. TGA mass loss for ≥95% reagent grade magnesium hydroxide (Mg(OH)2) heated to 
600°C in nitrogen at 10°C/minute. 
 
The TGA data is shown in Figure 6-12 to Figure 6-14 for the virgin SFS samples. As can 
be seen, there are two clear peaks at around 400°C and 650°C, which are the decomposition 
peaks for Ca(OH)2 and CaCO3, respectively. The peaks do not occur over as broad of a 
temperature range as the pure samples, but the peak decomposition temperature is similar. The 
derivative of the weight loss clearly provides that start and end of the mass loss for Ca(OH)2, so 
the mass loss for Ca(OH)2 was assumed to occur between 360 to 420°C. For Virgin SFS 2 
(EAF), if Ca(OH)2 was present, the amount of it undetectably small (Figure 6-13), which is 
reasonable considering that the EGN was only 0.06%, so it is assumed that no Ca(OH)2 is 
present. For Virgin SFS 3 (EAF/LMF), there are other peaks in addition to Ca(OH)2 and CaCO3 
(Figure 6-14), which may correspond to the loss of free water around 100°C and perhaps the loss 
of chemically bound water around 250°C. A summary of the resultant Ca(OH)2 and CaCO3 
contents for the virgin SFS samples are reported in Table 6-20.  
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Figure 6-12. TGA mass loss for Virgin SFS 1 (BOF). The mass percent of Ca(OH)2 was 
determined from 360 to 420°C (peak at 397°C). The mass percent of CaCO3 was determined 
from 585 to 690°C (peak at 650°C). 
 
 
Figure 6-13. TGA mass loss for Virgin SFS 2 (EAF). It is assumed that no Ca(OH)2 is present. 
The mass percent of CaCO3 was determined from 585 to 690°C (peak at 675°C). 
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Figure 6-14. TGA mass loss for Virgin SFS 3 (EAF/LMF). The mass percent of Ca(OH)2 was 
determined from 372 to 423°C (peak at 398°C). The mass percent of CaCO3 was determined 
from 505 to 645°C (peak at 626°C). 
 
Table 6-20. Ca(OH)2 and CaCO3 Contents for the Virgin SFS as Determined by TGA 
Sample 
Ca(OH)2 
Content 
CaCO3 
Content 
Virgin SFS 1 (BOF) 1.34% 3.04% 
Virgin SFS 2 (EAF) 0.00% 2.57% 
Virgin SFS 3 (EAF/LMF) 0.20% 0.91% 
 
The refinement of the total free CaO content from ethylene glycol extraction was 
estimated based on the Ca(OH)2 content determined by TGA. Assuming that the ethylene glycol 
complexed with 100% of the free Ca(OH)2, the estimated total free CaO contents are shown in 
Table 6-21. 
 
Table 6-21. Total Estimated Free CaO Content Determined for the Virgin SFS 
Sample 
Ethylene Glycol 
Number (EGN) 
Ca(OH)2 
Content from 
TGA 
Stoichiometric 
CaO Content in 
Ca(OH)2 
Estimated Total 
Free CaO 
Content* 
Virgin SFS 1 
(BOF) 
4.40% 1.34% 1.01% 3.39% 
Virgin SFS 2 
(EAF) 
0.06% 0.00% 0.00% 0.06% 
Virgin SFS 3 
(EAF/LMF) 
0.51% 0.20% 0.11% 0.40% 
*Assuming that ethylene glycol complexed with 100% of the free Ca(OH)2 
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 For the SFS FRAP samples (with binder removed), TGA was used to determine both the 
Ca(OH)2 and the dolomite (CaMg(CO3)2) contents. The dolomite content is important to know so 
that the amount of SFS in the FRAP sample can be estimated. All of the SFS FRAP samples only 
revealed the presence of dolomite. For the SFS present in the samples, the contents of any 
hydroxide phases were likely too little to show as a peak in the TGA. However, any CaCO3 
present in the SFS could have contributed to the dolomite peak, although the content was likely 
low enough to be relatively insignificant. As XRD had revealed, all three of the SFS FRAP 
samples contained quartz, which was likely from any virgin fine aggregate in the original HMA 
mixture. Assuming that the original virgin fine aggregate contained both silica (quartz) and 
carbonate mineral aggregates, the remaining material may not all be SFS. The thermal analyses 
of SFS FRAP 1 (Figure 6-15), SFS FRAP 2 (Figure 6-16), and SFS FRAP 3 (Figure 6-17) 
suggested that the dolomite contents were 54.2%, 59.0%, and 68.6%, respectively. These 
analyses grossly agree with the original construction information (Table 6-5, shown previously), 
which stated that all three SFS FRAP samples were comprised approximately of one-third SFS 
and two-thirds virgin aggregate.  
Tests were also conducted with the SFS removed from the SFS FRAP samples (Figure 
6-18, Figure 6-19, and Figure 6-20). The findings are similar to the virgin SFS tests in that the 
phases present are Ca(OH)2 and CaCO3, the amounts of which are summarized in Table 6-22. A 
very small mass loss was also noted for the SFS from SFS FRAP 3 (Figure 6-20) at around 
540°C, which corresponded to an unknown and unidentifiable phase.  
Considering that the peaks for dolomite and calcite overlap, the previously-determined 
dolomite contents of 54.2%, 59.0%, and 68.6% for SFS FRAP 1, SFS FRAP 2, and SFS FRAP 
3, respectively, can be adjusted based on the CaCO3 contents determined for the SFS from the 
SFS FRAP. Assuming the SFS contents of 33%, 33%, and 35% for SFS FRAP 1, SFS FRAP 2, 
and SFS FRAP 3, respectively, and using the CaCO3 contents from Table 6-22, the dolomite 
contents for the SFS FRAP sources were determined to be 53.9%, 58.6%, and 67.8% for SFS 
FRAP 1, SFS FRAP 2, and SFS FRAP 3, respectively.  
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Figure 6-15. TGA mass loss for SFS FRAP 1 (Curran). The mass percent of dolomite was 
determined from 595 to 775°C. The event around 125°C appears to be irrelevant, perhaps a slight 
error with the scale in the TGA. A second event around 260°C could possibly be due to the loss 
of water of crystallization; the temperature range of the event is too low for it to be Ca(OH)2. 
 
 
Figure 6-16. TGA mass loss for SFS FRAP 2 (Geneva). The mass percent of dolomite was 
determined from 575 to 775°C. 
 
-0.10
-0.05
0.00
0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
70%
75%
80%
85%
90%
95%
100%
105%
0 200 400 600 800 1000
D
e
ri
va
ti
ve
 o
f 
W
e
ig
h
t 
(%
/°
C
) 
W
e
ig
h
t 
(%
) 
Temperature (°C) 
Weight Weight Derivative
-0.2
-0.1
0.0
0.1
0.2
0.3
0.4
0.5
65%
70%
75%
80%
85%
90%
95%
100%
105%
0 200 400 600 800 1000
D
e
ri
va
ti
ve
 o
f 
W
e
ig
h
t 
(%
/°
C
) 
W
e
ig
h
t 
(%
) 
Temperature (°C) 
Weight Weight Derivative
 351 
 
Figure 6-17. TGA mass loss for SFS FRAP 3 (Central Blacktop). The mass percent of dolomite 
was determined from 575 to 765°C. 
 
 
Figure 6-18. TGA mass loss for the SFS from SFS FRAP 1 (Curran). The mass percent of 
Ca(OH)2 was determined from 340 to 405°C (peak at 376°C). The mass percent of CaCO3 was 
determined from 555 to 650°C (peak at 625°C). 
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Figure 6-19. TGA mass loss for the SFS from SFS FRAP 2 (Geneva). The mass percent of 
Ca(OH)2 was determined from 335 to 390°C (peak at 364°C). The mass percent of CaCO3 was 
determined from 575 to 645°C (peak at 625°C). 
 
 
Figure 6-20. TGA mass loss for the SFS from SFS FRAP 3 (Central Blacktop). The mass percent 
of Ca(OH)2 was determined from 355 to 415°C (peak at 387°C). The mass percent of CaCO3 
was determined from 585 to 680°C (peak at 655°C). An additional peak was found to correspond 
to the decomposition of some unknown phase from 520 to 565°C (peak at 538°C).  
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Table 6-22. Ca(OH)2 and CaCO3 Contents for the Virgin SFS as Determined by TGA 
Sample 
Ca(OH)2 
Content 
CaCO3 
Content 
SFS from SFS FRAP 1 
(Curran) 
1.39% 0.98% 
SFS from SFS FRAP 2 
(Geneva) 
1.09% 1.05% 
SFS from SFS FRAP 3 
(Central Blacktop) 
1.13% 2.24% 
 
Based on the TGA data for the Ca(OH)2 contents and the EGN values for the SFS from 
the SFS FRAP samples, the total free CaO content of the SFS from the SFS FRAP was 
estimated, as shown in Table 6-23, assuming that the ethylene glycol complexed with 100% of 
the free Ca(OH)2. Based on this assumption and knowing the initial SFS contents in the SFS 
FRAP, the total free CaO content of the SFS FRAP was estimated, as shown in Table 6-24. The 
estimated total free CaO contents are 1.0% for SFS FRAP 1 and SFS FRAP 2 and 1.5% for SFS 
FRAP 3.  
 
Table 6-23. Estimated Total Free CaO Contents for the SFS from the SFS FRAP Samples 
Sample 
Ethylene Glycol 
Number (EGN) 
Ca(OH)2 
Content from 
TGA 
Stoichiometric 
CaO Content in 
Ca(OH)2 
Estimated Total 
Free CaO 
Content* 
SFS from SFS 
FRAP 1 (Curran) 
3.99% 1.39% 1.05% 2.94% 
SFS from SFS 
FRAP 2 (Geneva) 
3.71% 1.09% 0.82% 2.89% 
SFS from SFS 
FRAP 3 (Central 
Blacktop) 
5.08% 1.13% 0.86% 4.22% 
*Assuming that ethylene glycol complexed with 100% of the free Ca(OH)2 
 
Table 6-24. Estimated Total Free CaO Contents for the SFS FRAP Samples 
Sample 
Estimated Total Free 
CaO Content in the 
SFS* 
Estimated SFS 
Content in the 
SFS FRAP 
Estimated Total Free 
CaO Content of the 
SFS FRAP 
SFS FRAP 1 
(Curran) 
2.94% 33% 1.0% 
SFS FRAP 2 
(Geneva) 
2.89% 33% 1.0% 
SFS FRAP 3 
(Central Blacktop) 
4.22% 35% 1.5% 
*Assuming that ethylene glycol complexed with 100% of the free Ca(OH)2 
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6.3.6 Autoclave Expansion Test 
An autoclave expansion test has been developed by the Edw. C. Levy Co. to quickly and 
effectively quantify the expansion potential of SFS aggregates. This test is particularly 
aggressive because it accelerates the hydration of both the free CaO and the free MgO 
compounds. The test specifies that a sample be subjected to 295±10 psi and 420±5°F for three 
hours. This test purposely follows the autoclave expansion test used to test for expansion in 
cement (ASTM C151). 
The mold assembly consists of a specimen mold affixed to a base plate. An extension 
collar is connected to the specimen mold, where a stem and surcharge are placed on top of a 
compacted sample (Figure 6-21). The specimen mold measured 3.1 inches (7.9 cm) in diameter 
by 2.3 inches (5.8 cm) in height. The weight of the stem plus the surcharge was 3.22 pounds 
(1460 g). The stem was perforated to allow water to enter the sample. The compaction of the 
sample is similar to ASTM D698, where a 5.50-pound hammer is dropped from a height of 12 
inches to compact the aggregate in three lifts with 25 blows per lift. The virgin aggregates were 
oven dried prior to compaction while the FRAP aggregates were air-dried in a room at 23°C and 
50% relative humidity.  
One consideration for this test is its effectiveness in hydrating free CaO that has some 
degree of carbonation in the sample. It has been found that carbonation of CaO particles is on the 
surface, creating a layer of CaCO3 around an unreacted CaO particle. Song and Kim (1990) 
found that this layer of CaCO3 delays further CaO hydration, which is dependent on the diffusion 
of water through the CaCO3 layer and the thickness of the CaCO3 layer. Diffusion is strongly 
influenced by temperature – by the Arrhenius equation, the diffusion coefficient is a function of 
exp(-1/T) – and is minimally affected by pressure, with slight decreases in the diffusion 
coefficient as the pressure increases (Mehrer 2007). Therefore, it is expected that the elevated 
temperatures of the autoclave will not deter diffusion of water through the layer of CaCO3 and to 
the free CaO particles.  
The test procedure stipulated that 600 mL of distilled water be added to the bottom of the 
autoclave, after which the mold with sample and surcharge added. The temperature and pressure 
in the autoclave was then brought up to 295±10 psi and 420±5°F, per the manufacturer’s 
instructions, and then held constant for three hours. The autoclave took about 45 minutes to 
reach the constant 295±10 psi and 420±5°F and around 1.5 hours to cool sufficiently. Once 
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removed from the autoclave, the mold assembly was allowed to cool to room temperature prior 
to measuring the final height.  
The height of the sample was measured before (hi) and after (hf) autoclaving, always 
relative to a reference, which was also measured before (refi) and after (reff) the sample was 
autoclaved. A dial gauge attached to a stationary stand was used to determine the specimen 
height (Figure 6-22). The percent expansion (e) was then determined relative to the gauge length 
of the specimen (G, 2.3 inches), which is the height of the compacted aggregate in the mold. 
 
𝑒 =
(ℎ𝑓 − 𝑟𝑒𝑓𝑓) − (ℎ𝑖 − 𝑟𝑒𝑓𝑖)
𝐺
 100% (6-3)  
Given that previous studies have shown that gradation can have a significant effect on the 
expansion results of SFS (Emery 1974, 1977), the gradation was controlled for each of the initial 
tests so that results from all samples could be directly compared. The maximum packing density 
gradation was selected for the study, as shown in Table 6-25, which was based on a 0.45-power 
curve. The virgin SFS aggregates were oven-dried and then sieved to match this specified 
gradation.  
The samples with the matched dense gradation (Table 6-25) were run through the 
autoclave expansion test. As can be seen in Table 6-26, the expansion was related to the free 
CaO content: Virgin SFS 1 (BOF), which had the highest free CaO content, expanded the most, 
while Virgin SFS 2 (EAF), which had the lowest free CaO content, resulted in virtually no 
expansion. However, the results of this matched gradation study had significant variability and 
was not sufficiently repeatable.  
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(a) 
 
(b) 
Figure 6-21. Components (a) and completed assembly (b) of the autoclave expansion mold. 
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Figure 6-22. Measurement of the height of autoclave expansion mold. 
 
Table 6-25. Target Dense Gradation for Autoclave Study 
Passing Retained on Mass Percent 
1/2 in (12.5mm) 3/8 in (9.5mm) 14% 
3/8 in (9.5mm) 1/4 in (6.35mm) 17% 
1/4 in (6.35mm) #4 (4.75mm) 10% 
#4 (4.75mm) #8 (2.36mm) 21% 
#8 (2.36mm) #16 (1.18mm) 14% 
#16 (1.18mm) #30 (0.6mm) 9% 
#30 (0.6mm) #50 (0.3mm) 8% 
#50 (0.3mm) #100 (0.15mm) 4% 
#100 (0.15mm) #200 (0.075mm) 3% 
 
Table 6-26. Autoclave Expansion of Samples with Matched Gradation 
Sample Test No. Expansion 
Virgin SFS 1 
(BOF) 
1 11.77% 
2 8.26% 
Virgin SFS 2 
(EAF) 
1 -0.20% 
2 0.09% 
Virgin SFS 3 
(EAF/LMF) 
1 3.48% 
2 3.87% 
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Given that there was some variation in the expansion results of the matched gradation, 
autoclave tests were conducted with a “monoparticle” size gradation. In these tests, only particles 
passing the 1/4 inch (6.35 mm) sieve and retained on the #4 (4.75 mm) sieve were used for the 
uncoated aggregate tests. For the tests with FRAP, only particles passing the 3/8 inch (9.5 mm) 
sieve and retained on the #4 (4.75 mm) sieve were used. Prior to the testing, all samples were 
washed to remove dust and finer particles before oven drying (virgin samples) or air drying 
(FRAP samples). Table 6-27 shows that the expansion results with the “monoparticle” size 
gradation were more repeatable than the previous tests. The expansions also related to the free 
CaO content – the samples with high free CaO content expanded the most. As validation of the 
autoclave results, dolomite aggregates underwent no expansion with this temperature and 
pressure.  
The “monoparticle” size gradation was also applied to the SFS FRAP samples. Initially 
the asphalt binder was removed from the FRAP using methylene chloride because of potential 
hazards of asphalt at elevated temperatures (420°F is near the asphalt ignition temperature, and 
numerous compounds in the asphalt may vaporize at temperatures below 420°F). The expansions 
of the SFS FRAP (with binder removed) are shown in Table 6-27. The results indicate that SFS 
contained within the FRAP could have potentially deleterious expansive properties if water 
eventually makes it to the free CaO.  
Initial trial tests with SFS FRAP indicated that the FRAP did not compromise the safety 
of the autoclave, so expansion tests were then carried out with the “monoparticle” size SFS 
FRAP samples, as shown in Table 6-28
**
. The results clearly indicate that the asphalt coating 
plays a significant role in mitigating the potential expansion of the SFS in the FRAP. The 
expansion that is measured could be due to the phase transition of β-dicalcium silicate (larnite) to 
γ-dicalcium silicate (calcio-olivine)††, as evidenced by the powdery residue of some of the SFS 
particles noted after autoclaving (see Figure 6-23). In addition, the high temperature of the 
autoclave melted some of the asphalt, which appeared to mostly settle at the base of the mold 
(Figure 6-24). These two mechanisms likely resulted in the negative expansion (or contraction) 
                                                 
**
 One note on the performance of FRAP in the autoclave. The asphalt on the FRAP does not fully melt and expose 
the aggregate; perhaps this is because of the rapid temperature increase, high pressure, and steam. However, the 
asphalt on the FRAP in the part of the mold that is submerged in the water does melt and accumulate at the base of 
the mold. Therefore, all of the FRAP expansion tests were conducted by using a spacer to elevate the mold with the 
FRAP above the water in the bottom of the autoclave. This way, none of the asphalt melted to expose the aggregate. 
††
 This phase transition is discussed in further detail in Section 5.3.6.1. 
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that was noted for the SFS FRAP and dolomite FRAP samples. In general, the expansion was 
minimal for most SFS FRAP samples (Figure 6-25), resulting in net negative expansions in 
particular for SFS FRAP 2 (Geneva). Relative to dolomite FRAP, the SFS FRAP expansion 
(Table 6-28) was similar for some cases and greater for others. The dolomite FRAP sources were 
the “clean” and “dirty” dolomite FRAP with 2.1% and 3.3% asphalt, respectively, from Brand et 
al. (2012). The other dolomite FRAP with 3.8% asphalt was from Chapter 5.  
 
Table 6-27. Autoclave Expansion of Uncoated Samples with Monoparticle Size Gradation 
Sample 
Estimated 
Free CaO 
Content 
Test No. Expansion 
Average 
Expansion 
Virgin SFS 1 (BOF) 3.4% 
1 8.76% 
8.8% 
2 8.74% 
Virgin SFS 2 (EAF) 0.1% 
1 0.09% 
0.1% 2 0.07% 
3 0.13% 
Virgin SFS 3 
(EAF/LMF) 
0.4% 
1 0.85% 
0.8% 
2 0.83% 
Dolomite 0.0% 
1 -0.04% 
0.0% 
2 -0.02% 
SFS FRAP 1 (Curran)* 1.0% 
1 6.52% 
6.6% 
2 6.61% 
SFS FRAP 2 
(Geneva)* 
1.0% 
1 2.22% 
2.1% 
2 2.00% 
SFS FRAP 3 (Central 
Blacktop)* 
1.5% 
1 4.20% 
4.2% 
2 4.28% 
*With asphalt binder removed 
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Table 6-28. Autoclave Expansion of FRAP Samples with Monoparticle Size Gradation 
Sample* Test No Expansion 
Average 
Expansion 
SFS FRAP 1 (Curran)  
1 -0.83% 
-0.8% 
2 -0.39% 
3 -0.57% 
4 -1.26% 
SFS FRAP 2  (Geneva)  
1 -1.74% 
-1.6% 
2 -1.30% 
3 -1.70% 
4 -1.78% 
SFS FRAP 3 (Central 
Blacktop)  
1 0.43% 
-0.1% 
2 0.35% 
3 -0.52% 
4 0.04% 
5 -0.83% 
“Clean” Dolomite 
FRAP (2.1% Asphalt) 
1 -0.43% 
-0.7% 
2 -0.74% 
3 -0.65% 
4 -0.70% 
5 -1.04% 
“Dirty” Dolomite 
FRAP (3.3% Asphalt) 
1 -1.22% 
-1.0% 
2 -0.87% 
3 -1.00% 
4 -1.09% 
Dolomite FRAP (3.8% 
Asphalt) 
1 -1.57% 
-1.6% 
2 -1.26% 
3 -1.57% 
4 -1.87% 
*With asphalt binder coating 
 
 
 361 
 
Figure 6-23. The SFS particles in the FRAP that disintegrated are circled, which is evidence of 
the β-dicalcium silicate (larnite) to γ-dicalcium silicate (calcio-olivine) phase transformation. 
 
 
Figure 6-24. The base of the mold after autoclaving contains a significant amount of 
agglomerated asphalt. 
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Figure 6-25. SFS FRAP 3 (Central Blacktop) exhibited little to no expansion after autoclaving. 
 
Table 6-29 compares the autoclave expansion of the various FRAP samples to the asphalt 
content and free CaO content of the FRAP. There is small correlation between the average 
expansion and the approximate free CaO content determined from ethylene glycol extraction. 
Therefore, it is possible that there is some expansion as a result of the hydration of the free CaO 
and MgO in the SFS FRAP, but the net expansion is offset by the decrease in volume as the 
asphalt melts and fills voids and as some of the SFS particles disintegrate because of phase 
transitions. SFS FRAP 3, which had the highest free CaO content of the three SFS FRAP 
sources, experienced the least amount of contraction, which suggests some expansion from the 
free CaO and/or MgO along with contraction because of the asphalt melting and the SFS particle 
disintegration. SFS FRAP 1 and SFS FRAP 2, which had similarly low free CaO contents, 
contracted about as much as the “dirty” dolomite FRAP, which indicates that, for these two 
sources, there was little to no expansion from the hydration of the free CaO and/or free MgO.  
 
Table 6-29. Comparison Between the Autoclave Expansion and Asphalt Content 
FRAP Type 
Average Autoclave 
Expansion 
Asphalt 
Content 
Total Estimated 
Free CaO Content 
SFS FRAP 1 (Curran) -0.8% 3.6% 1.0% 
SFS FRAP 2 (Geneva) -1.6% 3.8% 1.0% 
SFS FRAP 3 (Central Blacktop) -0.1% 3.9% 1.5% 
“Clean” Dolomite FRAP -0.7% 2.1% 0.0% 
“Dirty” Dolomite FRAP -1.0% 3.3% 0.0% 
Dolomite FRAP -1.6% 3.8% 0.0% 
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Figure 6-26 demonstrates that the presence of the asphalt coating on the SFS FRAP 
greatly hindered the expansion. The expansion with asphalt coated particles was less repeatable 
between replicate tests (i.e. higher standard deviation) compared with samples without the 
asphalt coating. The higher variability and lack of expansion between tests is because of the 
differences in the amount of asphalt that melted and filled voids and/or the amount of SFS 
particles that disintegrated. Without the asphalt coating, the SFS FRAP expansion was 
significantly greater, as the free CaO and free MgO were allowed to hydrate, although the 
magnitude of the expansion was not directly proportional to the estimated total free CaO content, 
which is likely related to the free MgO as well. Therefore, it is suspected that the asphalt coating 
prevents significant moisture ingress to react with the free CaO and MgO and cause expansion. 
SFS FRAP 2 was stockpiled in 2008 after milling (compared with SFS FRAP 1 and 3, 
which were stockpiled in 2012 after milling). The stockpile weathering may have reduced the 
expansion of the SFS in the FRAP; compare the expansion of SFS FRAP 2 in Figure 6-26 with 
the dolomite FRAP with 3.8% asphalt. Because these two sources experienced similar 
expansions and had similar asphalt contents, it can be concluded that the SFS in SFS FRAP 2 
perhaps did not significantly expand. It is possible that, while stockpiled, the accessible free CaO 
and/or free MgO hydrated; this would be the CaO and MgO near exposed particle faces (i.e., 
where there is a lack of asphalt coating). Then, during autoclaving, the remaining free CaO 
(which is about 1.0%) does not hydrate as it is perhaps hidden by the asphalt coating.  
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Figure 6-26. Comparison of the autoclave expansion for the various FRAP sources with and 
without asphalt coating. Uncoated dolomite aggregates were found to experience zero expansion 
and is not included. The error bars indicate one standard deviation.  
 
Comparing the autoclave expansion of the six SFS sources (uncoated) to the estimated 
total free CaO content, there is an increasing expansion amount with increasing free CaO content 
(Figure 6-27). There is insufficient data to conclude whether the trend is linearly or quadratically 
increasing. The MgO content should be considered, as the formation of Mg(OH)2 also causes 
expansion, but without a test available to estimate the free MgO content, it is not considered in 
Figure 6-27. Further testing is required over a range of SFS to further define the relationships in 
Figure 6-27 and to potentially include the free MgO content.  
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Figure 6-27. Autoclave expansion for uncoated aggregates versus the free CaO content.  
 
6.3.6.1 Mineralogy and Ca(OH)2 Content After Autoclaving  
After autoclaving, one of the replicate samples of each of the virgin SFS was oven dried, 
crushed, sieved, and then tested to determine if the mineralogy and Ca(OH)2 contents had 
changed. The SFS FRAP samples were not tested because the presence of the dolomite would 
dominate the results of XRD and TGA. In general, the previously identified phases by XRD 
(such as larnite, wüstite, mayanite) were also identified after autoclaving. However, the newly 
identified phase in all three virgin SFS samples was a phase transition in the dicalcium silicate 
from the β (larnite) to the γ (calcio-olivine) form. Typically, β-dicalcium silicate that is the form 
present in SFS, which is potentially metastable, although in SFS it is relatively nonreactive 
(Emery 1982). The γ polymorph is less dense than the β form (Taylor 1997), with a volume 
expansion from the β to the γ form on the order of 12%, based on the unit cell dimensions 
presented in Taylor (1997). The γ polymorph is the low temperature form of dicalcium silicate, 
transitioning from the β to the γ form at less than 500°C, but the γ polymorph does not typically 
occur in portland cement because of the presence of stabilizing ions that prevent the β form from 
transforming (Taylor 1997). However, γ-dicalcium silicate has been identified by XRD in BOF 
slags (Gupta et al. 1994; Poh et al. 2006), and in a study of synthetic stainless steel slags, 
Kriskova et al. (2013) found that a slow cooling rate after heating can result in a phase transition 
from β- to γ-dicalcium silicate. Chan et al. (1992) found that, in a powder, 10 μm was the critical 
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particle size below which the transformation from β- to γ-dicalcium silicate will not occur. The 
cooling of the SFS samples was slow after the autoclaving was finished and it is likely that the 
particle sizes of dicalcium silicate were larger than 10 μm, so a transition from β- to γ-dicalcium 
silicate could occur, but it may have only happened upon cooling. The actual expansion from 
autoclaving will be a combination of the hydration of the free CaO and MgO and, potentially, the 
dicalcium silicate phase transformation, but if the β- to γ-dicalcium silicate phase transition 
resulted in the disintegration of a SFS particle, then the net expansion could have been lessened.  
By XRD, the mineralogy of virgin SFS 1 (BOF) after autoclaving was similar to the 
initial material, with the exception of the γ-dicalcium silicate phase (see Figure 6-28). Both free 
CaO and calcite (CaCO3) were identified, which suggests that: 1) not all of the free CaO reacted 
(which is to be expected because the reaction is topochemical, so the CaO at the interior of a 
particle does not necessarily react), and 2) the Ca(OH)2 that did form from autoclaving may have 
been carbonated, which is why CaCO3 was identified in the sample and not Ca(OH)2. The TGA 
analysis produced three distinct main decompositions: Mg(OH)2, Ca(OH)2, and CaCO3 (Figure 
6-29). The amounts of Mg(OH)2 and Ca(OH)2 present after autoclaving were 3.2% and 4.6%, 
respectively.  
Given the very low free CaO content of virgin SFS 2 (EAF), it is likely that the expansion 
after autoclaving the EAF slag was partly caused by the phase transition of β- to γ-dicalcium 
silicate (Figure 6-30). From the TGA plot, evidence of Mg(OH)2, Ca(OH)2, and CaCO3 in the 
virgin SFS 2 (EAF) after autoclaving (Figure 6-31) is seen.  
Evidence of the β- to γ-dicalcium silicate transition was also noticed in virgin SFS 3 
(EAF/LMF), seen in Figure 6-32, but the expansion was primarily hydration of the free CaO and 
free MgO in the sample, as seen in the TGA results in Figure 6-33. In an attempt to deconvolute 
the peaks between 200 and 400°C, a second TGA test was conducted at 3°C/minute to 500°C 
(Figure 6-34), but as can be seen, the peaks were the same. The TGA plot clearly displays the 
presence of CaCO3 (peak at 635°C in Figure 6-33). In addition, based on the pure samples of 
Ca(OH)2 and Mg(OH)2 tested previously, the peaks at 420°C and 375°C were identified as 
Ca(OH)2 and Mg(OH)2, respectively. The peak at 245°C resembles the peak for the loss of water 
of crystallization from the MgCO3 sample, so it is assumed that this is what this peak indicates.  
A summary of the Mg(OH)2, Ca(OH)2, and CaCO3 contents of the virgin SFS samples 
after autoclaving is shown in Table 6-30. Compared with the contents before autoclaving (Figure 
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6-35), it is evident that the Mg(OH)2, Ca(OH)2, and CaCO3 contents all increase after 
autoclaving with the exception of the CaCO3 content for Virgin SFS 2 (EAF). Considering the 
initial EGN values – which were 4.4%, 0.1%, and 0.5% for Virgin SFS 1 (BOF), 2 (EAF), and 3 
(EAF/LMF), respectively, a significant portion (if not all of the free CaO) has hydrated, as the 
stoichiometric CaO contents from the Ca(OH)2 contents are 3.5%, 0.2%, and 0.5% for Virgin 
SFS 1 (BOF), 2 (EAF), and 3 (EAF/LMF), respectively. 
 
 
Figure 6-28. XRD scan and identified phases for Virgin SFS 1 (BOF), ≤150 μm particle size, 
after autoclaving. 
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Figure 6-29. TGA mass loss for Virgin SFS 1 (BOF) after autoclaving. The mass percentages of 
Mg(OH)2, Ca(OH)2, and CaCO3 were determined from 300 to 360°C (peak at 334°C), 365 to 
420°C (peak at 399°C), and 580 to 700°C (peak at 678°C), respectively. 
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Figure 6-30. XRD scan and identified phases for Virgin SFS 2 (EAF), ≤150 μm particle size, 
after autoclaving. 
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Figure 6-31. TGA mass loss for Virgin SFS 2 (EAF) after autoclaving. The mass percentages of 
Mg(OH)2, Ca(OH)2, and CaCO3 were determined from 300 to 340°C (peak at 321°C), 370 to 
415°C (peak at 388°C), and 560 to 655°C (peak at 628°C), respectively. 
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Figure 6-32. XRD scan and identified phases for Virgin SFS 3 (EAF/LMF), ≤150 μm particle 
size, after autoclaving. 
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Figure 6-33. TGA mass loss for Virgin SFS 3 (EAF/LMF) after autoclaving for a heating rate of 
10°C/minute. The mass percentages of Ca(OH)2 and CaCO3 were determined from 400 to 445°C 
(peak at 420°C) and 570 to 660°C (peak at 635°C), respectively. The mass percentage of the 
Mg(OH)2 was determined from 365 to 400°C (peak at 375°C). The loss of water of 
crystallization was assumed to be from 180 to 350°C (peak at 245°C). 
 
 
Figure 6-34. TGA mass loss for Virgin SFS 3 (EAF/LMF) after autoclaving for a heating rate of 
3°C/minute. 
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Table 6-30. Post-Autoclave Hydroxide and Carbonate Contents Determined by TGA 
Sample Mg(OH)2 Content Ca(OH)2 Content CaCO3 Content 
Virgin SFS 1 (BOF) 3.23% 4.59% 6.80% 
Virgin SFS 2 (EAF) 0.27% 0.28% 0.47% 
Virgin SFS 3 (EAF/LMF) 0.43% 0.65% 1.33% 
 
 
Figure 6-35. Contents of Mg(OH)2, Ca(OH)2, and CaCO3 before and after autoclaving for the 
virgin SFS samples.  
 
One final consideration from this post-autoclave analysis is the backcalculation of the 
initial free MgO content based on the Mg(OH)2 content after autoclaving. As has been 
previously discussed, there is presently no proposed chemical method to accurately determine 
the free MgO content of SFS. Assuming that all of the available free MgO in the SFS sample 
actually hydrated, then the original free MgO content can be estimated, as shown in Table 6-31, 
by stoichiometrically converting from Mg(OH)2 to MgO. At the current temperature, pressure, 
and duration of the autoclaving, it is uncertain if all of the available free MgO did actually 
hydrate. Further testing and analysis is required for validation, but the concept provides a simple 
and effective method for the estimation of the free MgO content.    
 
Table 6-31. Estimated Free MgO Contents of the Virgin SFS Samples 
Sample Mg(OH)2 Content 
Estimated Original 
Free MgO Content* 
Virgin SFS 1 (BOF) 3.23% 2.2% 
Virgin SFS 2 (EAF) 0.27% 0.2% 
Virgin SFS 3 (EAF/LMF) 0.43% 0.3% 
*Assuming that all of the available free MgO hydrated from autoclaving 
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6.4 CONCRETE MIX DESIGN 
The mix design for the SFS FRAP aggregate followed the same proportions as the 
previous study with dolomite FRAP aggregates (Brand et al. 2012; Brand and Roesler 2015), 
which used the IDOT Portland Cement Concrete Technician Level III (IDOT PCC Level III) 
guide (IDOT 2009). This was done so that the concrete results with SFS FRAP could be 
compared with the known acceptable performance results with dolomite FRAP. A ternary 
cementitious blend, which contained 65% Type I portland cement, 25% Grade 100 ground 
granulated blast furnace slag (GGBFS), and 10% Class C fly ash, was used. The total 
cementitious content was 630 lb/yd
3
 with a water-to-cementitious (w/cm) ratio of 0.37, which is 
within the IDOT limits of 565 to 705 lb/yd
3
 and 0.32 to 0.42, respectively (IDOT 2012). The 
selected target air content was 6.5%, which is within the allowable range of 5 to 8%, and the 
mortar factor was selected to be 0.85, which was the middle of the allowable range of 0.70 to 
0.90 (IDOT 2012). The other parameters in the mix design formulation are included in Table 
6-32. 
 
Table 6-32. Parameters for IDOT PCC Level III Mix Design 
Cement Factor 6.3 cwt/yd
3
 
Fine Aggregate Water 
Requirement 
5.3 gal/cwt 
cement 
Coarse Aggregate Water 
Requirement 
0.2 gal/cwt 
cement 
Total Water Requirement 
5.5 gal/cwt 
cement 
Water Reduction -20% 
Adjusted Total Water 
Requirement 
4.4 gal/cwt 
cement 
Air Requirement 6.5% 
Mortar Factor 0.85 
Coarse Aggregate Solids 0.60 
Volume Fraction Mortar 0.59 
 
The blended aggregate specific gravity (SGb) was determined based on the specific 
gravities of the SFS FRAP (SGSF) and virgin coarse aggregate (SGv) and the percentage 
replacements of the virgin coarse aggregate with SFS FRAP (PSF): 
 
𝑆𝐺𝑏 =
100
𝑃𝑆𝐹
𝑆𝐺𝑆𝐹
+
1 − 𝑃𝑆𝐹
𝑆𝐺𝑣
 
(6-4)  
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The blended specific gravity was then used to determine the total coarse aggregate content in the 
concrete mix design (Table 6-33). The percent replacement of virgin coarse aggregate by SFS 
FRAP was then done by weight. These properties were determined using SFS FRAP 3 (Central 
Blacktop), which was the only SFS FRAP source that was planned for use in multiple concrete 
property tests (the other SFS FRAP sources were tested for the effect on the concrete strength 
properties only). While the virgin coarse aggregate meets a CA11 gradation, the blended 
gradations did not meet the CA11 requirements. The mix with 20% SFS FRAP does meet the 
CA11 limits, but the mix with 50% SFS FRAP does not and rather meets the CA9 gradation 
limits. This failure to meet the CA11 gradation limits is because of the high amount of material 
passing the #4 sieve (4.75 mm) for SFS FRAP 3, which is nearly 40% (see Table 6-8). 
Therefore, for the concrete study, the SFS FRAP 3 was sieved to reduce the amount of material 
passing the #4 sieve in order to ensure that only coarse SFS FRAP was being added in the 
concrete. After sieving, the material passing the #4 sieve was less than 10%.  
 
Table 6-33. Blended Aggregate Specific Gravity and Total Coarse Aggregate Contents 
SFS FRAP Amount 0%* 20% 50% 
Blended Specific 
Gravity 
2.72 2.72 2.71 
Total Coarse 
Aggregate (lb/yd
3
) 
1895.4 1892.4 1888.0 
SFS FRAP (lb/yd
3
) 0.0 378.5 944.0 
Virgin Coarse 
Aggregate (lb/yd
3
) 
1895.4 1513.9 944.0 
*From Brand et al. (2012) 
 
The final mix designs are shown in Table 6-34. Relative to the previous research (Brand 
et al. 2012; Brand and Roesler 2015), the mix design is the same except for the total fine 
aggregate content, which was 1129.6 lb/yd
3
 in the previous study. This discrepancy is caused by 
the slightly different specific gravities of the cementitious materials. For the majority of the 
concrete tests in this study, the control (0% SFS FRAP) mix results will be from the previous 
study, but in the tests that were not previously conducted, the concrete will be produced 
following the mix design in Table 6-34. Based on the previous study, the chemical admixture 
dosages were selected to be 1 fluid ounce per 100 pounds of cement for the air-entraining 
admixture (Grace Daravair 1400) and ranged from 4.0 to 4.5 fluid ounces per 100 pounds of 
cement for the mid-range water reducing admixture (Grace WRDA 82). The water reducing 
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admixture dosage varied since the previous study (Brand et al. 2012; Brand and Roesler 2015) 
found that the concrete slump increased with increasing FRAP content, possibly because of the 
hydrophobicity of the asphalt on the FRAP. Therefore, the water reducing admixture dosage was 
decreased as the SFS FRAP content increased.  
Concrete mixtures with 100% virgin SFS were also created to compare some of the 
concrete properties with SFS FRAP. The highest potential for deleteriously expansive and the 
least potential for deleteriously expansive virgin SFS sources were selected for comparison, 
which were Virgin SFS 1 (BOF) and Virgin SFS 2 (EAF), respectively. As with the other 
mixtures, the volume of coarse aggregate was constant; the amount of virgin SFS added to the 
concrete varied, based on the specific gravity. The mix designs can be found in Table 6-34.  
 
Table 6-34. Concrete Mix Design Proportions (in lb/yd
3
) 
  
0% SFS 
FRAP 
20% SFS 
FRAP 
50% SFS 
FRAP 
100% 
Virgin SFS 
1 (BOF) 
100% 
Virgin SFS 
2 (EAF) 
Cement 409.5 
GGBFS 157.5 
Fly Ash 63.0 
Total Coarse 
Aggregate (SSD) 
1895.4 1892.4 1888.0 2322.5 2581.0 
Virgin Coarse 
Aggregate (SSD) 
1895.4 378.5 944.0 0.0 0.0 
Coarse SFS FRAP 
(SSD) 
0.0 1513.9 944.0 0.0 0.0 
Virgin SFS 
Aggregate (SSD) 
0.0 0.0 0.0 2322.5 2581.0 
Virgin Fine 
Aggregate (SSD) 
1167.7 
Water 230.9 
Air-Entraining 
Admixture* 
1.0 
Mid-Range Water 
Reducer* 
4.5 4.25 4.0 4.5 4.5 
*In fl. oz. per 100 lbs cementitious 
 
The concrete was mixed with a laboratory pan mixer following ASTM C192 (2007). The 
concrete mix water was adjusted for the moisture content of each aggregate type. The mix water 
was dosed with the air-entraining admixture while the water reducing admixture was added 
slowly at the start of the final 3 minutes of mixing. The fresh concrete slump, unit weight, and air 
content were determined immediately after mixing, after which the concrete molds were filled, 
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covered with plastic, and left to cure at laboratory temperature for 24±4 hours. After the samples 
were demolded, they were either placed in a moist curing room or dealt with in accordance with 
the standard for a given testing procedure. 
 
6.5 CONCRETE TESTING RESULTS 
A number of tests were performed to determine the effect of the SFS FRAP on the fresh 
and hardened concrete properties. A summary of the tests performed, concrete ages of the tests, 
and corresponding test standard or method is shown in Table 6-35.  
 
Table 6-35. Concrete Tests Performed and Corresponding Standards or Methods 
Concrete Test Age(s) Tested (days) Standard or Method 
Fresh Concrete 
Slump -- ASTM C143 (2012) 
Air Content -- ASTM C231 (2010) 
Unit Weight -- ASTM C138 (2013) 
Hardened Concrete 
Compressive Strength  3, 7, 14, 28, and 90 AASHTO T22 (2007) 
Split Tensile Strength 3, 7, 14, 28, and 90 AASHTO T198 (2009) 
Flexural Strength 28 AASHTO T97 (2003) 
Modulus of Elasticity 28 ASTM C469 (2010) 
Fracture Properties 28 
Jenq and Shah (1985); RILEM TC89-
FMT (1990); Hillerborg (1985) 
Drying Shrinkage 1 to 150 AASHTO T160 (2009) 
Freeze/Thaw Durability 14 (Started) AASHTO T161 (2008) 
 
6.5.1 Concrete Fresh Properties 
Because a large number of samples were created, several pans of concrete needed to be 
mixed per mixture. Thus, the fresh properties of each concrete mix produced are summarized in 
Table 6-36. As can be seen, the unit weight of the concretes with 20% and 50% SFS FRAP was 
often similar, which is expected because the specific gravity of the SFS FRAP and the virgin 
coarse aggregate were about the same. The air content and slump did not appear to be greatly 
affected by the SFS FRAP. As expected, the mixtures with virgin SFS had relatively high unit 
weights, because of the high specific gravity of the aggregate, and the slump and air content did 
not appear to be significantly influenced by the SFS.  
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Table 6-36. Concrete Fresh Properties for Each Mix Produced 
Concrete Mix 
SFS FRAP 
Content 
Slump (in) 
Air Content 
(%) 
Unit Weight 
(lb/ft
3
) 
Trial Compression 
20% 2-1/2 6.1 145.4 
50% 2 6.0 144.4 
Compressive and Split 
Tensile Strength 
20% 1-1/4 5.4 146.8 
50% 1-1/4 5.2 148.0 
Flexural Strength and 
Free Shrinkage 
20% 1 5.5 150.4 
50% 1 5.4 149.8 
Flexural Strength #2 
20% 2 7.5 145.4 
50% 2-1/2 7.0 145.0 
Fracture 
20% 2 6.6 146.8 
50% 2-1/2 6.8 147.0 
Freeze/Thaw and 
Modulus 
20% 1-1/2 5.6 149.4 
50% 1-1/4 5.5 150.2 
Freeze/Thaw, Split 
Tension, Compression 
100% BOF 1/2 5.5 164.8 
100% EAF 1 5.5 173.8 
Fracture and Free 
Shrinkage 
0% 3-1/4 6.8 140.0 
100% BOF 3 6.4 157.8 
100% EAF 1-1/4 6.3 168.2 
 
6.5.2 Trial Study   
An initial trial study was conducted to see the effects of the SFS FRAP on the 
compressive strength. This initial mix was created with the as-received SFS FRAP 3 material, so 
it contained the significant amount of material passing the #4 sieve. The average of three tests is 
reported in Table 6-37 and Figure 6-36, also indicating the standard deviation and coefficient of 
variation (COV). The results with 20 and 50% SFS FRAP are compared with the previous study 
with virgin aggregates and dolomite FRAP (Brand et al. 2012; Brand and Roesler 2015). As can 
be seen, the SFS FRAP results are similar to the dolomite FRAP results.  
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Table 6-37. Compressive Strength Results of the Trial Study Relative to Dolomite FRAP 
Mix Age 1 2 3 Average COV 
Control 
(0% 
FRAP)* 
7 3807 4221 4074 4034 5.2% 
14 5583 5201 5596 5460 4.1% 
28 6814 6776 6449 6680 3.0% 
20% SFS 
FRAP 
7 3597 3574 3569 3580 0.4% 
14 4307 4526 4680 4504 4.2% 
28 5073 5217 5335 5208 2.5% 
20% 
Dolomite 
FRAP* 
7 3519 3311 3193 3341 4.9% 
14 4656 4730 4483 4623 2.7% 
28 5357 5363 5455 5391 1.0% 
50% SFS 
FRAP 
7 2938 2919 2933 2930 0.3% 
14 3589 3649 3640 3626 0.9% 
28 4172 4107 4224 4168 1.4% 
50% 
Dolomite 
FRAP* 
7 3018 3050 2842 2970 3.8% 
14 3624 3448 3396 3489 3.4% 
28 3977 3885 4304 4055 5.4% 
*Results from Brand et al. (2012) 
 
 
Figure 6-36. Compressive strength of trial study cylinders compared with virgin aggregate and 
dolomite FRAP results. Note: error bars indicate one standard deviation. 
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6.5.3 Compressive Strength    
The compressive strength was evaluated at 3, 7, 14, 28, and 90 days with an average of 
three specimens. The specimens were tested for the peak load (P), which was converted to the 
compressive strength (σc), where D is the diameter of the specimen (4 inches): 
 
𝜎𝑐 =
𝑃
𝜋
4 𝐷
2
 (6-5)  
As can be seen in Figure 6-37 and Table 6-38, the compressive strength of concrete with 
SFS FRAP is similar to concrete with dolomite FRAP. A similar trend is followed with 
decreasing compressive strength with increasing SFS FRAP content. Comparing concrete with 
virgin SFS and SFS FRAP (Figure 6-38), concrete with EAF slag aggregate can attain a higher 
compressive strength than dolomite aggregate, possibly because of the finer gradation, while the 
concrete with 100% BOF slag aggregate reached a compressive strength that was similar to the 
mix with 20% SFS FRAP. This behavior of concrete with virgin SFS aggregates agrees with the 
literature review (Table 6-3).  
A t-test for statistical significance (Table 6-39) revealed that at early ages (3, 7, and 14 
days), the compressive strengths of SFS FRAP were mostly statistically greater than the dolomite 
FRAP, but at later ages (28 and 90 days) the mixes were not statistically different. Therefore, the 
long-term compressive strength of concrete containing FRAP was not affected by the SFS in the 
FRAP. 
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Figure 6-37. Average compressive strength of concrete with SFS FRAP relative to the control 
(0% FRAP) and dolomite FRAP concrete mixes. Error bars indicate one standard deviation. 
 
 
Figure 6-38. Average compressive strength at 28 days comparing concretes with 100% dolomite 
(control), 100% EAF, 100% BOF, and 20% and 50% SFS FRAP as coarse aggregate. 
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Table 6-38. Average Compressive Strength (psi) for SFS FRAP and Dolomite FRAP 
Concrete Mix 
Age 
(days) 
SFS FRAP Dolomite FRAP* 
1 2 3 Average  COV Average  COV 
0% FRAP 
3 -- -- -- -- -- 2968 3.0% 
7 -- -- -- -- -- 4034 5.2% 
14 -- -- -- -- -- 5460 4.1% 
28 -- -- -- -- -- 6680 3.0% 
90 -- -- -- -- -- 7473 4.4% 
20% FRAP 
3 3169 3032 3110 3104 2.2% 2480 1.3% 
7 3868 3992 3955 3938 1.6% 3341 4.9% 
14 4049 4318 4312 4226 3.6% 4623 2.7% 
28 5531 5196 5377 5368 3.1% 5391 1.0% 
90 6329 6158 5572 6020 6.6% 6087 5.9% 
50% FRAP 
3 2600 2584 2535 2573 1.3% 2141 3.3% 
7 3350 3283 3166 3266 2.9% 2970 3.8% 
14 3933 3942 3572 3816 5.5% 3489 3.4% 
28 4350 4221 4197 4256 1.9% 4055 5.4% 
90 4741 4815 4954 4837 2.2% 4725 1.3% 
100% Virgin 
SFS  1 (BOF) 
28 6147 5750 5568 5822 5.1% -- -- 
100% Virgin 
SFS  2 (EAF) 
28 7078 6968 6962 7003 0.9% -- -- 
*Source: Brand et al. (2012) 
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Table 6-39. Statistical Significance Testing for Concrete Compressive Strength with SFS FRAP 
and Dolomite FRAP 
Mix 
Age 
(days) 
Compressive Strength (psi) Pooled 
Standard 
Deviation 
t-test p-value 
1 2 3 Average 
Standard 
Deviation 
20% SFS 
FRAP 
3 3169 3032 3110 3104 68.62 -- -- -- 
20% D-
FRAP 
3 2456 2516 2466 2480 32.12 2870 14.27 0.00014 
20% SFS 
FRAP 
7 3868 3992 3955 3938 63.76 -- -- -- 
20% D-
FRAP 
7 3519 3311 3193 3341 164.90 15629 5.85 0.00425 
20% SFS 
FRAP 
14 4049 4318 4312 4226 153.55 -- -- -- 
20% D-
FRAP 
14 4656 4730 4483 4623 126.78 19826 -3.45 0.0260 
20% SFS 
FRAP 
28 5531 5196 5377 5368 167.77 -- -- -- 
20% D-
FRAP 
28 5357 5363 5455 5391 54.79 15574 -0.23 0.831 
20% SFS 
FRAP 
90 6329 6158 5572 6020 396.89 -- -- -- 
20% D-
FRAP 
90 5857 6502 5900 6087 360.63 143788 -0.22 0.840 
 
Mix 
Age 
(days) 
Compressive Strength (psi) Pooled 
Standard 
Deviation 
t-test p-value 
1 2 3 Average 
Standard 
Deviation 
50% SFS 
FRAP 
3 2600 2584 2535 2573 33.62 -- -- -- 
50% D-
FRAP 
3 2091 2110 2222 2141 70.58 3056 9.57 0.00067 
50% SFS 
FRAP 
7 3350 3283 3166 3266 93.10 -- -- -- 
50% D-
FRAP 
7 3018 3050 2842 2970 111.95 10600 3.53 0.0243 
50% SFS 
FRAP 
14 3933 3942 3572 3816 210.82 -- -- -- 
50% D-
FRAP 
14 3624 3448 3396 3489 119.59 29374 2.33 0.0801 
50% SFS 
FRAP 
28 4350 4221 4197 4256 82.20 -- -- -- 
50% D-
FRAP 
28 3977 3885 4304 4055 220.10 27600 1.48 0.214 
50% SFS 
FRAP 
90 4741 4815 4954 4837 107.82 -- -- -- 
50% D-
FRAP 
90 4795 4685 4696 4725 60.67 7653 1.56 0.193 
D-FRAP = Dolomite FRAP 
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6.5.4 Split Tensile Strength 
The split tensile strength was evaluated at 3, 7, 14, 28, and 90 days with an average of 
three specimens. The peak load was measured and converted to the split tensile strength (σsp), 
where L is the length of the specimen (8 inches): 
 
𝜎𝑠𝑝 =
2𝑃
𝜋𝐿𝐷
 (6-6)  
The concrete split tensile strength also showed similar behavior between the SFS FRAP 
and dolomite FRAP concretes, as shown in Figure 6-39 and Table 6-40. A decreasing trend in 
the split tensile strength was observed with increasing SFS FRAP content. Concrete with virgin 
SFS had  lower split tensile strengths than the control mix with dolomite coarse aggregate 
(Figure 6-40).  
A t-test for statistical significance (Table 6-41) showed that the split tensile strengths 
were not statistically different between the SFS FRAP and dolomite FRAP mixes, with the 
exception of the early age (3 and 7 days) results for the 50% FRAP mixes. Images of the fracture 
surfaces can be seen in Figure 6-41 and Figure 6-42. These findings suggest that the presence of 
SFS in the FRAP does not affect the bonding between the asphalt on the FRAP and the 
cementitious matrix of the concrete. However, there is some evidence that the bonding is 
stronger between dolomite and the cementitious matrix compared with between the virgin SFS 
types (BOF and EAF) and the cementitious matrix, but these sources had different gradations, 
porosities, and particle angularities, which could also affect the strength.  
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Figure 6-39. Average split tensile strength of concrete with SFS FRAP relative to the control 
(0% FRAP) and dolomite FRAP concrete mixes. Error bars indicate one standard deviation. 
 
 
Figure 6-40. Average split tensile strength at 28 days comparing concretes with 100% dolomite 
(control), 100% EAF, 100% BOF, and 20% and 50% SFS FRAP as coarse aggregate. 
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Table 6-40. Average Split Tensile Strength (psi) for SFS FRAP and Dolomite FRAP 
Concrete Mix 
Age 
(days) 
SFS FRAP Dolomite FRAP* 
1 2 3 Average  COV Average  COV 
0% FRAP 
(Control) 
3 -- -- -- -- -- 454 12.7% 
7 -- -- -- -- -- 583 5.6% 
14 -- -- -- -- -- 640 8.7% 
28 -- -- -- -- -- 925 13.6% 
90 -- -- -- -- -- 829 8.7% 
20% FRAP 
3 321 434 385 380 14.9% 295 4.9% 
7 463 502 454 473 5.3% 499 9.4% 
14 526 493 424 481 10.8% 502 4.3% 
28 662 642 687 664 3.4% 679 3.2% 
90 644 707 627 659 6.4% 727 2.2% 
50% FRAP 
3 331 305 289 308 6.7% 260 3.8% 
7 498 418 443 453 9.0% 298 9.7% 
14 486 398 380 421 13.5% 432 10.0% 
28 504 478 440 474 6.8% 443 8.7% 
90 570 596 600 589 2.8% 517 18.4% 
100% Virgin 
SFS  1 (BOF) 
28 560 524 516 533 4.4% -- -- 
100% Virgin 
SFS  2 (EAF) 
28 594 723 580 632 12.5% -- -- 
*Source: Brand et al. (2012) 
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Table 6-41. Statistical Significance Testing for Concrete Split Tensile Strength with SFS FRAP 
and Dolomite FRAP 
Mix 
Age 
(days) 
Split Tensile Strength (psi) Pooled 
Standard 
Deviation 
t-test p-value 
1 2 3 Average 
Standard 
Deviation 
20% SFS 
FRAP 
3 321 434 385 380 56.7 -- -- -- 
20% D-
FRAP 
3 305 284 - 295 14.5 2210 1.99 0.140 
20% SFS 
FRAP 
7 463 502 454 473 25.1 -- -- -- 
20% D-
FRAP 
7 528 524 445 499 46.7 1406 -0.86 0.440 
20% SFS 
FRAP 
14 526 493 424 481 52.1 -- -- -- 
20% D-
FRAP 
14 526 497 483 502 21.5 1586 -0.64 0.555 
20% SFS 
FRAP 
28 662 642 687 664 22.3 -- -- -- 
20% D-
FRAP 
28 704 669 664 679 21.7 484 -0.87 0.434 
20% SFS 
FRAP 
90 644 707 627 659 42.3 -- -- -- 
20% D-
FRAP 
90 719 746 717 727 16.0 1023 -2.59 0.061 
 
Mix 
Age 
(days) 
Split Tensile Strength (psi) Pooled 
Standard 
Deviation 
t-test p-value 
1 2 3 Average 
Standard 
Deviation 
50% SFS 
FRAP 
3 331 305 289 308 20.8 -- -- -- 
50% D-
FRAP 
3 258 251 270 260 9.8 264 3.67 0.0214 
50% SFS 
FRAP 
7 498 418 443 453 41.0 -- -- -- 
50% D-
FRAP 
7 265 315 315 298 28.9 1255 5.35 0.00588 
50% SFS 
FRAP 
14 486 398 380 421 56.8 -- -- -- 
50% D-
FRAP 
14 462 450 382 432 43.0 2539 -0.25 0.812 
50% SFS 
FRAP 
28 504 478 440 474 32.3 -- -- -- 
50% D-
FRAP 
28 401 477 452 443 38.7 1270 1.05 0.352 
50% SFS 
FRAP 
90 570 596 600 589 16.5 -- -- -- 
50% D-
FRAP 
90 584 559 408 517 95.3 4680 1.29 0.267 
D-FRAP = Dolomite FRAP 
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(a) 20% SFS FRAP 
 
(b) 50% SFS FRAP 
Figure 6-41. Images of the split tension fracture surfaces for concrete with (a) 20% SFS FRAP 
and (b) 50% SFS FRAP. 
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(a) 100% Virgin SFS 1 (BOF) 
 
(b) 100% Virgin SFS 2 (EAF) 
Figure 6-42. Images of the split tension fracture surfaces for concrete with 100% virgin SFS: (a) 
BOF and (b) EAF. 
 
6.5.5 Flexural Strength 
The flexural strength was evaluated at an age of 28 days with the average of three 
replicate specimens. The beams had a nominal 6 inches square cross section and were 21 inches 
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long. The tested span length was 18 inches, and the strength was calculated for third-point (four-
point) loading, where the loading was applied at one-third the span length (6 inches). The 
flexural strength, or modulus of rupture (MOR), is measured from the peak load (P), the span 
length (l, 18 inches), the beam width (b), and the beam depth (d). After the beam fractured, the 
cross-sectional area of the fracture surface was measured to obtain the dimensions of b and d. 
 
𝑀𝑂𝑅 =
𝑃𝑙
𝑏𝑑2
 (6-7)  
The flexural strength results are shown in Table 6-42. The flexural strength for concrete 
with SFS FRAP was higher than the control and concrete with dolomite FRAP. Images of the 
fracture surfaces for the concrete with SFS FRAP can be seen in Figure 6-43. A large 
agglomerated FRAP particle appeared to influence the failure crack path in one of the flexural 
strength beams with 50% SFS FRAP, as shown in Figure 6-44.  
Because the flexural strengths were unexpectedly high, a second batch of concrete was 
mixed, the results of which are shown in Table 6-42. As can be seen in Table 6-42 and Figure 
6-45, there is a trend of decreasing flexural strength with increasing FRAP content for SFS 
FRAP compared with dolomite FRAP. The concrete with SFS FRAP was found to result in 
higher flexural strengths than concrete with dolomite FRAP, which can possibly be the result of 
the SFS in the FRAP and/or the finer gradation of the SFS FRAP compared with tested dolomite 
FRAP. Statistically, with 95% confidence, a t-test revealed that the flexural strength of concrete 
with SFS FRAP was higher than concrete with dolomite FRAP (Table 6-43). Images of the 
fracture surfaces for the concrete with SFS FRAP (Test 2) can be seen in Figure 6-46.  
 
Table 6-42. 28-Day Flexural Strengths (psi) for Concrete with SFS FRAP and Dolomite FRAP 
Concrete Mix 
SFS FRAP Dolomite FRAP* 
1 2 3 Average COV Average  COV 
0% FRAP 
(Control) 
-- -- -- -- -- 857 12.2% 
20% FRAP 
(Test 1) 
1044 920 986 983 6.3% 735 2.0% 
50% FRAP 
(Test 1) 
849 919 883 884 3.9% 577 1.3% 
20% FRAP 
(Test 2) 
778 812 788 793 2.2% 735 2.0% 
50% FRAP 
(Test 2) 
762 770 771 768 0.6% 577 1.3% 
*Source: Brand et al. (2012) 
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(a) 20% SFS FRAP 
 
(b) 50% SFS FRAP 
Figure 6-43. Images of the flexural fracture surfaces for concrete (Test 1) with (a) 20% SFS 
FRAP and (b) 50% SFS FRAP. 
 
 
Figure 6-44. An image of one of the flexural strength beams where a large agglomerated FRAP 
particle appeared to affect the path of the crack. 
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Figure 6-45. A plot of average 28-day flexural strength versus percent FRAP content for 
dolomite FRAP and SFS FRAP. 
 
Table 6-43. Statistical Significance Testing for Concrete Flexural Strength with SFS FRAP and 
Dolomite FRAP 
Mix 
Flexural Strength (psi) Pooled 
Standard 
Deviation 
t-test p-value 
1 2 3 Average 
Standard 
Deviation 
20% SFS 
FRAP 
778 812 788 793 17.3 -- -- -- 
20% D- 
FRAP 
722 751 732 735 14.9 261 4.39 1.18E-02 
50% SFS 
FRAP 
762 770 771 768 4.9 -- -- -- 
50% D- 
FRAP 
578 570 584 577 7.3 38 37.65 2.97E-06 
D-FRAP = Dolomite FRAP 
 
0
100
200
300
400
500
600
700
800
900
1000
0% 10% 20% 30% 40% 50%
Fl
e
xu
ra
l S
tr
e
n
gt
h
 (
p
si
) 
Percent FRAP Content 
Dolomite FRAP SFS FRAP
 393 
 
(a) 20% SFS FRAP 
 
(b) 50% SFS FRAP 
Figure 6-46. Images of the flexural fracture surfaces for concrete (Test 2) with (a) 20% SFS 
FRAP and (b) 50% SFS FRAP. 
 
6.5.6 Strength Ratios 
The typical ratio for split tensile strength to compressive strength ranges from 0.08 to 
0.14, and the ratio for flexural strength to compressive strength ranges from 0.11 to 0.23 
(Mindess et al. 2003). The ratios for SFS FRAP and dolomite FRAP can be found in Table 6-44. 
The strength ratios are within the expected typical ranges. The split tensile to compressive 
strength ratio is similar for the concretes with 0, 20, and 50% SFS FRAP or dolomite FRAP, 
which is around 0.11 to 0.12 at later ages; the ratio for concrete with virgin SFS is lower than the 
control concrete and concretes with FRAP, but is still within the typical range at 0.09. The 
flexural to compressive strength ratio is also within the expected range, although the ratio is 
slightly greater for the concretes with SFS FRAP because of the higher measured flexural 
strength.  
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Table 6-44. Strength Ratios for Concrete with SFS and Dolomite FRAP 
Concrete Mix 
Age 
(days) 
SFS FRAP Dolomite FRAP* 
Split Tensile to 
Compressive 
Strength 
Flexural to 
Compressive 
Strength 
Split Tensile to 
Compressive 
Strength 
Flexural to 
Compressive 
Strength 
0% FRAP 
(Control) 
3 -- -- 0.15 -- 
7 -- -- 0.14 -- 
14 -- -- 0.12 -- 
28 -- -- 0.14 0.13 
90 -- -- 0.11 -- 
20% FRAP 
3 0.12 -- 0.12 -- 
7 0.12 -- 0.15 -- 
14 0.11 -- 0.11 -- 
28 0.12 0.15 0.13 0.14 
90 0.11 -- 0.12 -- 
50% FRAP 
3 0.12 -- 0.12 -- 
7 0.14 -- 0.10 -- 
14 0.11 -- 0.12 -- 
28 0.11 0.18 0.11 0.14 
90 0.12 -- 0.11 -- 
100% Virgin SFS  
1 (BOF) 
28 0.09 -- -- -- 
100% Virgin SFS  
2 (EAF) 
28 0.09 -- -- -- 
*Source: Brand et al. (2012) 
 
6.5.7 Modulus of Elasticity 
The modulus of elasticity (MOE) was evaluated at an age of 28 days with the average of 
three replicate specimens (see Figure 6-47). The chord modulus of elasticity (E) was calculated 
as follows, where S2 is the stress at approximately 40% of the compressive strength, S1 is the 
stress at longitudinal strain ε1, and ε2 is the longitudinal strain at stress S2. According to ASTM 
C469 (2010), ε1 should be selected as 0.000050. 
 
𝐸 =
𝑆2 − 𝑆1
𝜀2 − 𝜀1
=
𝑆2 − 𝑆1
𝜀2 − 0.000050
 (6-8)  
The cylinder was loaded at least twice to confirm the data and to make sure that the strain gauges 
were recording acceptable data (these first two measurements were not used in the eventual 
MOE calculation). The cylinder was then loaded at least three more times to obtain the actual 
data from which the modulus of elasticity would be calculated. Once the cylinder was 
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completely tested for modulus of elasticity data, it was loaded until failure to obtain the 
compressive strength.  
 
 
Figure 6-47. Configuration to determine the modulus of elasticity. 
 
The average MOE values for concrete with SFS FRAP and dolomite FRAP are shown in 
Table 6-45 and Figure 6-48. As expected, the MOE for concrete with FRAP was lower than the 
control mix with dolomite. The concrete with SFS FRAP had a greater MOE than concrete with 
dolomite FRAP, because of the stiffer modulus of the SFS in the FRAP; the modulus with SFS 
FRAP was statistically greater than the dolomite FRAP with 95% confidence (Table 6-46). The 
compressive strength of the MOE cylinders is shown in Table 6-47, which indicates that the 
compressive strength of these cylinders was slightly greater than the strength of the cylinders 
tested in Table 6-38.  
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Table 6-45. Average Modulus of Elasticity (in psi) for Concrete with SFS and Dolomite FRAP 
Concrete 
Mix 
Sample 
SFS FRAP Dolomite FRAP* 
Test 1 Test 2 Test 3 Average Average COV Average COV 
0% FRAP 
(Control) 
-- -- -- -- -- -- 
 
6.44E+06 4.6% 
20% FRAP 
1 5.82E+06 5.79E+06 5.58E+06 5.73E+06 
6.02E+06 4.4% 5.42E+06 3.3% 2 6.23E+06 6.24E+06 6.26E+06 6.25E+06 
3 6.06E+06 6.15E+06 6.02E+06 6.08E+06 
50% FRAP 
1 4.97E+06 4.94E+06 4.74E+06 4.88E+06 
5.48E+06 9.5% 4.48E+06 3.1% 2 5.68E+06 5.82E+06 5.91E+06 5.80E+06 
3 5.90E+06 5.82E+06 5.56E+06 5.76E+06 
*Source: Brand et al. (2012) 
 
 
Figure 6-48. Modulus of elasticity for concrete with SFS and dolomite FRAP. 
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Table 6-46. Statistical Significance Testing for Concrete Modulus of Elasticity with SFS FRAP 
and Dolomite FRAP 
Mix 
Modulus of Elasticity (psi) Pooled 
Standard 
Deviation 
t-test p-value 
1 2 3 Average 
Standard 
Deviation 
20% SFS 
FRAP 
5.73E+06 6.25E+06 6.08E+06 6.02E+06 2.64E+05 
   
20% D-
FRAP 
5.62E+06 5.39E+06 5.27E+06 5.42E+06 1.78E+05 5.07E+10 3.22 0.032 
50% SFS 
FRAP 
4.88E+06 5.80E+06 5.76E+06 5.48E+06 5.18E+05 
   
50% D- 
FRAP 
4.32E+06 4.58E+06 4.54E+06 4.48E+06 1.38E+05 1.44E+11 3.24 0.032 
D-FRAP = Dolomite FRAP 
 
Table 6-47. Compressive Strength of the MOE Specimens 
Mix Sample Peak Load (lb) 
Compressive 
Strength (psi) 
20% SFS 
FRAP 
1 179735 6357 
2 176670 6248 
3 180335 6378 
50% SFS 
FRAP 
1 147030 5200 
2 140515 4970 
3 141715 5012 
 
6.5.8 Fracture Properties  
The fracture properties of the concrete was determined at an age of 28 days using the 
single edge notched beam (SENB) geometry following the two-parameter fracture model (Jenq 
and Shah 1985; RILEM TC89-FMT 1990) and the work of fracture method (Hillerborg 1985). 
Five concrete mixtures were tested: 0% SFS FRAP (control), 20% SFS FRAP, 50% SFS FRAP, 
100% Virgin SFS 1 (BOF), and 100% Virgin SFS 2 (EAF). Five replicates were tested for the 
20% and 50% SFS FRAP mixes and four replicates were tested for the 0% SFS FRAP (control), 
100% Virgin SFS 1 (BOF), and 100% Virgin SFS 2 (EAF) mixes. The dimensions of the SENB 
specimens were 150 by 80 by 700 mm, and the specimens were tested with a span length of 600 
mm. A notch depth of 50 mm was cut into the beam at the mid-span (350 mm). The specimen 
was loaded at a constant crack mouth opening displacement (CMOD) rate. The beam was 
monotonically loaded until peak and then unloaded after dropping to 95% of the peak load in 
order to obtain data for the unloading compliance. Subsequently, the beam was reloaded until the 
specimen failed. Details about the fracture testing, including equations, can be found in Chapter 
5 (Section 5.4.5).  
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The fracture properties were determined at an age of 28 days for the mixes with 20% and 
50% SFS FRAP as well as 0% SFS FRAP, 100% Virgin SFS 1 (BOF), and 100% Virgin SFS 2 
(EAF). The load-CMOD curves for each test replicate can be found in Brand and Roesler (2014). 
A total of four or five replicate beams were tested, the results of which are shown in Table 6-48. 
Relative to the control concrete with virgin aggregates, the other mixes with recycled aggregates 
all appeared to have an increased critical stress intensity factor and initial and total fracture 
energies.  
A t-test with 95% confidence was used to compare the fracture properties of the concretes 
with SFS FRAP and virgin SFS to the concrete with virgin aggregates (Table 6-49). The t-test 
indicated that the concrete with 100% Virgin SFS 2 (EAF) resulted in fracture properties that 
were statistically greater than the control, which agrees with other studies. Papayianni and 
Anastasiou (2010a) found a 9% increase in the total fracture energy when coarse EAF slag 
aggregates were used, and Montgomery and Wang (1992) found an increase in KIc on the order 
of 10% when coarse instant-chilled SFS was added to concrete. The concrete with 100% Virgin 
SFS 1 (BOF) had statistically similar properties to the control, except for the modulus and KIc. 
For concrete with SFS FRAP, the fracture properties were statistically similar to the control, 
except for CTODc and GIc for the 50% SFS FRAP mix. This finding agrees with previous studies 
that have shown the fracture properties of concrete with FRAP to be statistically similar to virgin 
aggregate concrete (Brand et al. 2012; Brand and Roesler 2015).  
Comparing the 20% and 50% SFS FRAP mixes, the peak load and modulus decreased at 
higher SFS FRAP contents, as expected, but the KIc, CTODc, GIc, and GF were similar between 
the two SFS FRAP contents. All of the fracture properties were not statistically different with 
95% confidence (Table 6-50).  
The fracture parameters for the various concretes are compared with the results from 
other studies in Table 6-51. As can be seen, the values for concrete with SFS FRAP are similar to 
concrete with dolomite FRAP, despite the differences in concrete age. However, the total 
fracture energy appears to be slightly greater for concrete with SFS FRAP relative to dolomite 
FRAP, potentially because of the presence of the SFS and gradation differences. 
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Table 6-48. Fracture Parameters at 28 Days 
Mix 
Beam 
No. 
Peak 
Load, 
Pmax 
(kN) 
Modulus, 
E (MPa) 
Critical Stress 
Intensity 
Factor, KIc 
(MPa-m
1/2
) 
Critical Crack 
Tip Opening 
Displacement 
CTODc (mm) 
Initial 
Fracture 
Energy, GIc 
(N/m) 
Total 
Fracture 
Energy, 
GF (N/m) 
0% SFS 
FRAP 
1 3.51 25.4 0.873 0.0117 30.04 92.4 
2 3.89 28.3 1.086 0.0159 41.62 104.4 
3 4.22 26.2 1.113 0.0180 47.19 122.8 
4 3.26 26.8 0.928 0.0142 32.16 86.8 
Average 3.72 26.7 1.000 0.0149 37.75 101.6 
COV 11.3% 4.7% 11.8% 17.8% 21.3% 15.7% 
20% 
SFS 
FRAP 
1 4.22 25.1 1.075 0.0179 46.04 124.2 
2 3.97 26.1 1.163 0.0222 51.79 135.0 
3 3.59 25.8 0.966 0.0147 36.12 113.3 
4 4.67 31.6 1.334 0.0190 56.24 152.7 
5 3.61 25.3 0.985 0.0152 38.30 102.2 
Average 4.01 26.8 1.104 0.0178 45.70 125.5 
COV 11.3% 10.2% 13.6% 17.1% 18.8% 15.5% 
50% 
SFS 
FRAP 
1 3.80 23.1 1.096 0.0209 51.98 143.2 
2 3.85 26.0 1.218 0.0261 57.15 146.8 
3 4.30 27.7 1.305 0.0216 61.51 111.8 
4 3.36 20.9 0.973 0.0190 45.38 108.8 
Average 3.83 24.4 1.148 0.0219 54.00 127.6 
COV 10.0% 12.4% 12.6% 13.7% 12.9% 15.8% 
100% 
Virgin 
SFS 1 
(BOF) 
1 4.10 30.7 1.248 0.0218 50.67 117.0 
2 3.63 29.3 1.124 0.0200 43.07 128.0 
3 4.27 31.8 1.204 0.0178 45.59 114.6 
4 4.66 34.3 1.245 0.0158 45.16 114.3 
Average 4.16 31.5 1.205 0.0189 46.12 118.5 
COV 10.2% 6.6% 4.8% 13.9% 7.0% 5.5% 
100% 
Virgin 
SFS 2 
(EAF) 
1 4.84 36.5 1.427 0.0199 55.82 134.6 
2 4.45 36.7 1.447 0.0228 56.96 124.5 
3 4.51 37.4 1.375 0.0193 50.58 121.7 
4 4.56 35.3 1.305 0.0167 48.32 115.1 
Average 4.59 36.5 1.388 0.0197 52.92 124.0 
COV 3.8% 2.4% 4.5% 12.8% 7.8% 6.5% 
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Table 6-49. t-test Results for the Mixes with SFS FRAP and Virgin SFS Relative to the Control 
  20% SFS FRAP 50% SFS FRAP 
100% Virgin SFS 1 
(BOF) 
100% Virgin SFS 2 
(EAF) 
Fracture 
Parameter 
p-
value 
Statistically 
Significant 
p-
value 
Statistically 
Significant 
p-
value 
Statistically 
Significant 
p-value 
Statistically 
Significant 
Pmax 0.359 No 0.727 No 0.190 No 0.009 Yes 
E 0.940 No 0.214 No 0.007 Yes 1.4E-05 Yes 
CTODc 0.179 No 0.013 Yes 0.080 No 4.1E-02 Yes 
KIc 0.294 No 0.164 No 0.020 Yes 0.001 Yes 
GIc 0.200 No 0.022 Yes 0.102 No 0.015 Yes 
GF 0.089 No 0.089 No 0.098 No 0.046 Yes 
 
Table 6-50. Results of the t-test between the Mixes with 20% and 50% SFS FRAP 
Fracture 
Parameter 
p-value Statistical Significance 
Pmax 0.537 Not statistically different 
E 0.253 Not statistically different 
KIc 0.674 Not statistically different 
CTODc 0.084 Not statistically different 
GIc 0.162 Not statistically different 
GF 0.874 Not statistically different 
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Table 6-51. Comparison of Fracture Parameters for Concrete with FRAP Aggregates 
Mix 
Age 
(days) 
Peak 
Load, 
Pmax (kN) 
Critical Stress 
Intensity 
Factor, KIc 
(MPa-m
1/2
) 
Critical Crack 
Tip Opening 
Displacement 
CTODc (mm) 
Initial 
Fracture 
Energy, 
GIc (N/m) 
Total 
Fracture 
Energy, GF 
(N/m) 
0% SFS FRAP 28 3.72 1.000 0.0149 37.8 101.6 
20% SFS 
FRAP 
28 4.01 1.104 0.0178 45.7 125.5 
50% SFS 
FRAP 
28 3.83 1.148 0.0219 54.0 127.6 
100% BOF 
SFS 
28 4.16 1.205 0.0189 46.1 118.5 
100% EAF 
SFS 
28 4.59 1.388 0.0197 52.9 124.0 
Concrete Slab 
Mix (0% 
FRAP)* 
39 3.57 1.146 0.0191 44.3 73.8 
Concrete Slab 
Mix (45% 
FRAP)* 
39 2.38 0.898 0.0205 36.6 75.7 
Laboratory 
Supplement 
Mix (45% 
FRAP)* 
39 3.85 1.043 0.0173 47.1 119.4 
Tollway I-88 
Top Lift (0% 
FRAP)* 
140 4.93 1.349 0.0148 49.2 72.5 
Tollway I-88 
Bottom Lift 
(21% FRAP)* 
140 4.61 1.311 0.0163 50.3 79.4 
0% FRAP** 156 4.39 1.267 0.0157 44.7 100.4 
20% FRAP** 156 4.16 1.140 0.0159 43.7 86.3 
35% FRAP** 104 3.53 0.974 0.0137 35.8 106.5 
50% FRAP** 104 3.54 1.054 0.0193 47.7 113.5 
Source: *Chapter 5; **Brand et al. (2012) 
 
6.5.9 Drying Shrinkage  
The drying shrinkage was measured for specimens that had cured for 24 hours in order to 
examine the early age shrinkage behavior of the concrete. Three replicates were tested over the 
span of 150 days. Five concrete mixtures were tested: 0% SFS FRAP (control), 20% SFS FRAP, 
50% SFS FRAP, 100% Virgin SFS 1 (BOF), and 100% Virgin SFS 2 (EAF). The virgin SFS 
aggregates were tested in order to evaluate how the SFS in the FRAP could affect the shrinkage. 
The specimens were also weighed in order to determine the mass loss as shrinkage progressed. 
All shrinkage specimens were kept in an environmentally controlled room with the relative 
humidity around 50% and the temperature at approximately 23°C. The free shrinkage prism 
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specimens measured 3 inches in width and depth by 11.25 inches in length. Two gauge studs 
were inserted into the mold at the ends of the concrete specimens, resulting in a gauge length of 
10 inches. The shrinkage was measured relative to a constant length reference bar. The shrinkage 
(S, in mircostrain) is calculated as follows, where Lc is the length of the concrete specimen, Lref is 
the length of the reference bar, and GL is the gauge length (10 inches): 
 
𝑆(𝜇𝑠𝑡𝑟𝑎𝑖𝑛) =
𝐿𝑐 − 𝐿𝑟𝑒𝑓
𝐺𝐿
(106 ) (6-9)  
The percent weight lost (WL) was computed as follows, where W0 is the initial weight and Wi is 
the weight after i days: 
 
𝑊𝐿 =
𝑊𝑖 − 𝑊0
𝑊0
(100% ) (6-10)  
Figure 6-49 shows the shrinkage behavior of each concrete mixture during the first 14 
days. The shrinkage trends were relatively unclear until about 7 days. As can be seen at later 
ages as well (Figure 6-50), the general shrinkage trend is that the control (0% SFS FRAP) 
concrete experiences the least amount of shrinkage, followed by the concrete with 20% SFS 
FRAP, then 50% SFS FRAP, and finally the virgin SFS concrete mixes experience the highest 
amount of shrinkage. A t-test for statistical significance (Table 6-52) indicated that the shrinkage 
of the mix with 20% SFS FRAP was not statistically different from the shrinkage of the control 
mix (0% SFS FRAP) while, only at later ages, the shrinkage of the mixes with 50% SFS FRAP, 
100% EAF, and 100% BOF was statistically greater than the shrinkage of the control mix (0% 
SFS FRAP).  
It was observed in previous studies of concrete with virgin SFS aggregate that the 
shrinkage was greater than (Coppola et al. 2010), equal to (Netinger et al. 2011), or less than 
(Madej et al. 1996; Al-Negheimish et al. 1997; Liu et al. 2011) concrete with natural aggregates. 
Brand et al. (2012) found that the shrinkage of 28-day-cured concrete with 20, 35, and 50% 
dolomite FRAP was statistically similar to the shrinkage of the control concrete without FRAP 
(except for the 35% FRAP mixture at 56 and 90 days). The trends suggest that the SFS present in 
the FRAP may have an effect on shrinkage behavior of the concrete, but the gradation of each 
aggregate source was different so this may be a significant reason. The asphalt content of the 
FRAP may also be important, considering that the asphalt content (3.9%) of the SFS FRAP was 
higher than the asphalt content (2.1%) of the dolomite FRAP in the study by Brand et al. (2012).      
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 The mass loss caused by shrinkage (Figure 6-51) indicated that that the control mix (0% 
SFS FRAP) experienced the greatest amount of mass loss and that the mixtures with SFS FRAP 
exhibited the lowest mass loss. This is not consistent with the findings by Brand et al. (2012), 
who found that concrete with higher FRAP contents (35 and 50%) exhibited greater mass loss.  
 
 
Figure 6-49. Free drying shrinkage up to 14 days of concrete with 0, 20, and 50% SFS FRAP and 
100% virgin SFS (EAF and BOF).  
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Figure 6-50. Free drying shrinkage up to 150 days of concrete with 0, 20, and 50% SFS FRAP 
and 100% virgin SFS (EAF and BOF).  
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Table 6-52. Statistical Significance of Concrete Shrinkage Relative to the Control 
Mix 
Concrete 
Age 
(days) 
Average 
Shrinkage 
Strain 
(μstrain)  
Pooled 
Standard 
Deviation 
(μstrain) 
t-test p-value 
Statistically 
Different from 
Control? 
20% 
SFS 
FRAP 
2 -73 183.33 1.206 0.294 No 
4 -170 66.67 2.500 0.067 No 
7 -260 216.67 2.219 0.091 No 
14 -380 1066.67 0.875 0.431 No 
28 -460 266.67 1.750 0.155 No 
56 -510 1066.67 2.000 0.116 No 
100 -547 2966.67 1.499 0.208 No 
150 -583 233.33 3.207 0.0327 Yes 
50% 
SFS 
FRAP 
2 -100 166.67 1.265 0.275 No 
4 -190 116.67 4.158 0.014 Yes 
7 -270 66.67 5.500 0.005 Yes 
14 -413 683.33 2.655 0.057 No 
28 -490 416.67 3.200 0.033 Yes 
56 -560 1016.67 3.969 0.017 Yes 
100 -603 2866.67 2.821 0.048 Yes 
150 -620 266.67 5.750 0.0045 Yes 
100% 
EAF 
2 -120 1516.67 1.048 0.354 No 
4 -173 183.33 1.809 0.145 No 
7 -320 666.67 4.111 0.015 Yes 
14 -443 1483.33 2.756 0.051 No 
28 -517 1733.33 2.353 0.078 No 
56 -570 2416.67 2.824 0.048 Yes 
100 -630 3900.00 2.942 0.042 Yes 
150 -687 1333.33 4.808 0.0086 Yes 
100% 
BOF 
2 -90 316.67 0.229 0.830 No 
4 -207 883.33 2.198 0.093 No 
7 -297 533.33 3.359 0.028 Yes 
14 -437 1633.33 2.424 0.072 Yes 
28 -537 2033.33 2.716 0.053 Yes 
56 -577 2283.33 3.076 0.037 Yes 
100 -657 4966.67 3.070 0.037 Yes 
150 -727 1333.33 6.149 0.0035 Yes 
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Figure 6-51. Mass loss caused by shrinkage up to 150 days for concrete with 0, 20, and 50% SFS 
FRAP and 100% virgin SFS (EAF and BOF). 
 
6.5.10 Freeze/Thaw Durability 
The freeze/thaw testing was performed on four mixes: 20% SFS FRAP, 50% SFS FRAP, 
100% Virgin SFS 1 (BOF), and 100% Virgin SFS 2 (EAF). The virgin SFS aggregates were 
tested in order to evaluate if and how the SFS in the FRAP could affect the freeze-thaw 
durability, particularly SFS with high expansion potential. Three replicates of each mix were 
tested. The temperature cycled between 40°F (4°C) and 0°F (-18°C) with the samples covered 
with 1/32 to 1/8 inch (1 to 3 mm) of water. At intervals of 36 freeze/thaw cycles or less, the 
fundamental transverse frequency and specimen weight were measured. The test was completed 
once 300 freeze/thaw cycles were achieved. The relative dynamic modulus of elasticity (Pi) after 
i number of freeze/thaw cycles is computed as follows, where n0 is the initial fundamental 
transverse frequency and ni is the fundamental transverse frequency after i number of 
freeze/thaw cycles: 
 
𝑃𝑖 = (
𝑛𝑖
𝑛0
)
2
(100%) (6-11)  
The durability factor (DF) is then considered the Pi at the end of the freeze/thaw cycling. The 
weight lost after i number of freeze/thaw cycles can be computed using the same equation used 
for shrinkage (Equation 6-10), except that i instead refers to the i number of freeze/thaw cycles.  
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Initially, in the first 50 cycles, the freeze/thaw cycles were slower than the ASTM C666 
specification, with about 2 cycles occurring per day. This resulted in an increase in the 
fundamental transverse frequency within the first 36 cycles, as the concrete prisms essentially 
gained strength from 14 days (when the test started) to 28 days (when the prisms were tested 
after 36 cycles), as can be seen in Figure 6-52. Because of a refrigerant leak, the freeze/thaw 
chamber frequently required a refrigerant recharge, but after each recharge, the chamber was 
able to complete at most about 4 cycles per day. Towards the end of the freeze/thaw cycling 
(after about 270 freeze/thaw cycles), the machine was only able to perform about one cycle per 
day.   
 The durability factor did not significantly decrease for any of the mixtures after 300 
cycles, as indicated in Table 6-53 and Table 6-54. Only the mixture with 50% SFS FRAP 
decreased significantly, while the other mixtures (20% SFS FRAP, 100% BOF, 100% EAF) 
were relatively constant throughout all freeze/thaw cycles.  
Considering that there was an increase in the durability factor from 0 to 36 cycles, the 
durability factor could also be considered as a reduction from 36 cycles, essentially considering 
the overall net change in the durability factor from 36 to 300 cycles. As can be seen in Table 
6-54, the durability factor from 36 to 300 cycles was reduced to 80% for the mix with 50% SFS 
FRAP while the other mixtures (20% SFS FRAP, 100% BOF, 100% EAF) remained at a factor 
of around 100%. Thus, it can be seen that all mixtures exhibited suitable freeze/thaw durability 
after 300 cycles, considering that a typical acceptable freeze/thaw durability factor is 70% 
(Marek 1991).  
The weight loss throughout the freeze/thaw cycling is shown in Figure 6-53, Table 6-55, 
and Table 6-56. The mixes with SFS FRAP did not experience as much weight loss as the two 
virgin SFS mixes. The mix with 100% BOF, which had a high free CaO content, experienced the 
most weight loss as a result of surface scaling, possibly from the hydration expansion of the free 
CaO.    
The prisms were tested after an additional 36 freeze/thaw cycles in order to determine the 
net change from 36 to 336 cycles (i.e. considering the “zero” point to be after 36 cycles). As can 
be seen in Figure 6-54, there was a significant decrease in the durability factors for the mixes 
with SFS FRAP, particularly for 50% SFS FRAP which decreased to 53%. After 336 cycles, as 
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expected, all mixes experienced additional mass loss (Figure 6-55).The mixes with virgin SFS 
did not appear to be greatly affected by the additional freeze/thaw cycles.  
It is concluded that the asphalt coating and not the SFS content was the main factor in the 
freeze/thaw durability of the concrete with SFS FRAP. Obratil et al. (2009) tested an unspecified 
type of SFS with an unknown free CaO content and found a durability factor of 87% after 300 
freeze/thaw cycles. Papayianni and Anastasiou (2010a) tested the freeze/thaw scaling resistance 
in a sodium chloride solution of concrete with 100% low-expansion EAF and found relatively 
low mass losses when supplementary cementitious materials were not used. Brand et al. (2012) 
also found that higher FRAP contents reduce the freeze/thaw durability of concrete, although the 
dolomite FRAP tested in that study had a durability factor of 86% for 50% dolomite FRAP after 
300 freeze/thaw cycles. For a mix with 100% coarse RAP and 50% fine RAP, Berry et al. (2013) 
found a durability factor of 94% after 300 freeze/thaw cycles.  
In studies of HMA, freeze/thaw cycling has been found to strip the asphalt from an 
aggregate surface (Williams and Miknis 1998), effectively altering the chemical composition of 
the asphalt adsorbed at the asphalt-aggregate interface (Huang et al. 2005), which reduces the 
HMA modulus (McCann and Sebaaly 2003; Ameri et al. 2013). This suggests that the 
freeze/thaw cycling of concrete with FRAP may separate the asphalt from the aggregate or the 
cement interfaces, thus reducing the overall dynamic modulus of the concrete.   
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Figure 6-52. Freeze/thaw durability of mixtures with SFS FRAP and virgin SFS from 0 to 300 
cycles.  
 
Table 6-53. Durability Factors for Each Specimen from 0 to 300 Cycles 
Mix 
Prism 
No. 
Durability Factor (After X Cycles) (%) 
0 36 71 91 136 174 216 252 268 300 
20% SFS 
FRAP 
1 100 124 124 124 124 124 124 124 128 128 
2 100 116 116 116 116 116 116 116 116 116 
3 100 116 116 116 116 116 116 116 120 116 
50% SFS 
FRAP 
1 100 119 115 115 115 112 108 105 101 97 
2 100 114 114 114 114 107 107 101 90 85 
3 100 116 116 116 113 113 109 106 99 99 
100% 
BOF 
1 100 120 120 120 120 120 120 120 123 120 
2 100 120 120 120 120 120 120 124 120 120 
3 100 123 123 123 123 123 123 123 122 123 
100% 
EAF 
1 100 124 124 124 124 124 128 128 131 124 
2 100 125 125 125 125 125 125 128 125 125 
3 100 126 126 126 126 126 129 129 122 122 
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Table 6-54. Average Durability Factor after 300 Freeze/Thaw Cycles 
Mixture 
Average Durability 
Factor from 0 to 300 
Cycles 
Average Durability 
Factor from 36 to 300 
Cycles 
Average Durability 
Factor from 36 to 
336 Cycles 
20% SFS FRAP 120% 101% 88% 
50% SFS FRAP 93% 80% 53% 
100% BOF 121% 100% 100% 
100% EAF 124% 99% 101% 
 
 
Figure 6-53. Weight loss during freeze/thaw cycling (0 to 300 cycles) for mixtures with SFS 
FRAP and virgin SFS.  
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Table 6-55. Mass Loss for Each Specimen from 0 to 300 Cycles 
Mix 
Prism 
No. 
Mass Loss (After X Cycles) (%) 
0 36 71 91 136 174 216 252 268 300 
20% SFS 
FRAP 
1 0.00 0.09 0.06 -0.04 -0.21 -0.35 -0.50 -0.61 -0.71 -0.82 
2 0.00 0.04 0.04 0.03 -0.06 -0.08 -0.18 -0.30 -0.48 -0.74 
3 0.00 0.16 0.10 0.06 0.03 0.02 -0.02 -0.11 -0.12 -0.16 
50% SFS 
FRAP 
1 0.00 0.04 0.09 0.08 0.02 0.02 -0.01 -0.29 -0.35 -0.18 
2 0.00 0.10 0.09 0.08 0.04 -0.05 -0.14 -0.23 -0.46 -0.65 
3 0.00 0.07 0.09 0.11 0.08 0.08 0.07 0.02 0.01 -0.08 
100% BOF 
1 0.00 0.06 -0.10 -0.25 -0.53 -0.72 -0.93 -1.13 -1.36 -1.59 
2 0.00 0.08 -0.08 -0.20 -0.56 -0.77 -1.03 -1.23 -1.46 -1.70 
3 0.00 0.10 -0.08 -0.17 -0.45 -0.70 -0.88 -1.11 -1.29 -1.44 
100% EAF 
1 0.00 0.07 -0.04 -0.09 -0.24 -0.33 -0.41 -0.54 -0.58 -0.71 
2 0.00 0.06 -0.03 -0.13 -0.20 -0.29 -0.42 -0.59 -0.63 -0.76 
3 0.00 0.08 0.02 -0.08 -0.20 -0.36 -0.50 -0.60 -0.66 -0.75 
 
Table 6-56. Average Weight Loss after 300 Freeze/Thaw Cycles 
Mixture 
Average Weight 
Loss from 0 to 300 
Cycles 
Average Weight 
Loss from 36 to 
300 Cycles 
Average Weight Loss 
from 36 to 336 
Cycles 
20% SFS FRAP -0.58% -0.67% -1.13% 
50% SFS FRAP -0.30% -0.38% -1.12% 
100% BOF -1.58% -1.66% -2.17% 
100% EAF -0.74% -0.81% -1.22% 
 
 
Figure 6-54. Freeze/thaw durability of mixtures with SFS FRAP and virgin SFS from 36 to 336 
cycles. 
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Figure 6-55. Weight loss during freeze/thaw cycling (0 to 336 cycles) for mixtures with SFS 
FRAP and virgin SFS. 
 
Comparing the SFS FRAP freeze/thaw durability with the dolomite FRAP results (Table 
6-57), the SFS FRAP performed similarly to dolomite FRAP, particularly at lower FRAP 
contents. The 50% SFS FRAP mix durability factor was lower than the 50% dolomite FRAP 
mix, but the durability was still suitable. The SFS FRAP had a higher asphalt content than the 
dolomite FRAP, which may have been the primary cause of the reduction in durability factor.  
 
Table 6-57. Net Freeze/Thaw Durability after 300 Cycles Comparing Dolomite and SFS FRAP 
Mix 
Durability Factor Mass Loss 
Dolomite FRAP* SFS FRAP Dolomite FRAP* SFS FRAP 
0% FRAP 101% -- -1.79% -- 
20% FRAP 102% 101% -1.79% -0.67% 
35% FRAP 90% -- -2.72% -- 
50% FRAP 86% 80% -2.58% -0.38% 
100% BOF -- 100% -- -1.66% 
100% EAF -- 99% -- -0.81% 
*Source: Brand et al. (2012) 
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6.5.11 Matched Gradation Study 
The three SFS FRAP sources all had similar asphalt and SFS aggregate contents but 
different stockpiled ages. To best compare the three SFS FRAP sources and see if an older 
stockpiled (i.e. more oxidized) FRAP will improve the concrete strength, each source was sieved 
to match a single gradation (Table 6-58). This gradation was selected because it was similar to 
the base gradations of each SFS FRAP source.  
 
Table 6-58. Matched Gradation to Compare the SFS FRAP Sources 
Sieve Size 
Cumulative Percent 
Passing 
Percent 
Retained 
5/8 inch 16mm 100.0% 0.0% 
1/2 inch 12.5mm 99.5% 0.5% 
3/8 inch 9.5mm 80.0% 19.5% 
1/4 inch 6.35mm 40.0% 40.0% 
#4 4.75mm 10.0% 30.0% 
#8 2.36mm 0.0% 10.0% 
 
Because of material availability, a different fine aggregate (natural sand) source was used 
(SSD Specific Gravity = 2.57, Absorption = 1.57%). Also, in order to avoid any potential 
chemical interactions, no chemical admixtures were used. The concrete mix design used for this 
matched gradation study is shown in Table 6-59. The water-to-cement ratio was 0.40. The coarse 
aggregate consisted entirely of SFS FRAP. The mixing procedure consisted of mixing the SFS 
FRAP and fine aggregate with about one-half of the water for 30 seconds, after which the cement 
and remaining water were added. The concrete was mixed for 3 minutes, rested for 3 minutes, 
and mixed a final 2 minutes.  
The concrete fresh properties are shown in Table 6-60. As expected, the air content was 
relatively low because of the absence of an air-entrainment admixture. In addition, without a 
water reducing admixture, the slump was relatively low as well. The unit weights were similar 
between all three mixtures because the SFS FRAP sources all had similar specific gravities.  
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Table 6-59. Concrete Mix Design for the Matched Gradation SFS FRAP Study 
Constituent Content (lb/yd
3
) 
Cement 600.0 
SFS FRAP (SSD) 1806.4 
Fine Aggregate (SSD) 1151.6 
Water 239.2 
 
Table 6-60. Concrete Fresh Properties for the Matched Gradation Study 
SFS FRAP Type Slump (inch) Air Content (%) Unit Weight (lb/ft
3
) 
SFS FRAP 1 (Curran) 1/4 2.8 153.0 
SFS FRAP 2 (Geneva) 1/4 2.5 150.8 
SFS FRAP 3 (Central 
Blacktop) 
1/4 3.0 151.6 
 
Because 100% SFS FRAP was used as the coarse aggregate, the compressive strength 
was significantly less than at lower SFS FRAP contents (Figure 6-56). At all ages, SFS FRAP 2 
was statistically different (with 95% confidence) from both SFS FRAP 1 and 3, while SFS FRAP 
1 and 3 were statistically similar. The coefficient of variation for the compressive strengths was 
similar to the mixes with lower SFS FRAP contents.  
 
 
Figure 6-56. Compressive strength of the 100% SFS FRAP matched gradation study. 
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Similarly, the split tensile strengths were likewise significantly lower relative to mixes 
with lower SFS FRAP contents (Figure 6-57). At all ages, all three SFS FRAP mixes were 
statistically similar with 95% confidence, which was likely an artifact of the high standard 
deviations. The coefficient of variation was found to be consistently high (upwards of 20%) at all 
ages, relative to the values for mixes with lower SFS FRAP contents. This could be a result of 
using 100% SFS FRAP in the concrete mixture.  
 
 
Figure 6-57. Split tensile strength of the 100% SFS FRAP matched gradation study. 
 
The results of this matched gradation study suggest that concrete made with similar SFS 
FRAP sources (similar in asphalt content and SFS content) can have statistically similar 
properties. The magnitude of the findings does not represent the realistic strength performance of 
paving mixes, which would have a lower SFS FRAP content. Standard deviations were very high 
also because of the 100% SFS FRAP content.  
 
6.6 RECOMMENDATIONS 
Tests performed on the three SFS FRAP samples indicate that the SFS aggregates can 
retain residual free CaO despite years in service in an asphalt pavement and even after some 
weathering in stockpiles. The asphalt coating on the SFS aggregates prevents or hinders the 
complete hydration of the free CaO and/or free MgO in the SFS aggregates. Autoclave 
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expansion testing, with and without the asphalt coating, suggested that the asphalt coating did 
hinder, but did not necessarily prevent, the CaO and MgO hydration reactions. This finding 
agrees with past studies that have found that SFS FRAP may not expand significantly (Senior et 
al. 1994; Deniz et al. 2010; Dayioglu et al. 2014), at least relative to the expansion of virgin SFS. 
Concrete strength, shrinkage, and fracture testing with up to 50% coarse SFS FRAP indicated 
suitable performance relative to conventional concrete with virgin aggregates and similar 
dolomite FRAP.  
The SFS FRAP expansion appears to be dependent on the free CaO, free MgO, and 
asphalt contents, so prior to utilizing SFS FRAP as an aggregate in concrete, it is recommended 
that the material be tested to determine the residual free CaO, the free MgO, and  asphalt 
contents, and autoclave expansion with the coated and uncoated SFS FRAP. It is recommended 
that SFS FRAP be potentially utilized as a coarse aggregate in concrete pavements only if the 
extracted SFS has a limited autoclave expansion and low free CaO and free MgO contents. 
Additional testing is required to establish these limits. A number of previous field studies in the 
United States have shown deleterious expansion of SFS concrete, likely with high free CaO and 
free MgO contents, but a number of projects in Europe have clearly demonstrated that SFS can 
be successfully utilized as an aggregate in concrete with appropriate material characterization 
and processing. Based on the limited SFS FRAP sources tested in this study, definitive limits on 
the free CaO and free MgO content, asphalt content, and permissible autoclave expansion cannot 
be established without a larger sample size of SFS sources.  
From the concrete strength, durability, and fracture tests, it is clear that virgin SFS and 
SFS FRAP performs acceptably in the short-term pending expansion testing. Temporary roads, 
barriers, and concrete fill, for example, could all be suitable applications for the immediate 
utilization of SFS FRAP without further testing.  
Additionally, SFS aggregates may be tested for new asphalt pavement surfaces in order to 
ensure that SFS aggregates could be used as SFS FRAP aggregates in concrete or other stabilized 
or unstabilized layers in the future. Ideally, SFS aggregate for this application would contain low 
free CaO and free MgO contents and be minimally expansive. Weathering the (virgin) SFS 
aggregates – such as by keeping the stockpile continuously moist and periodically turning the 
pile – could assist in mitigating the expansive characteristics of the SFS aggregates prior to use 
in asphalt pavements. Weathering has been shown to be effective for SFS aggregates use in 
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concrete (Manso et al. 2004, 2006, 2011). Also, there may be other acceptable processes to 
reduce the free CaO and/or free MgO contents in the SFS aggregates, which would require 
further investigation. 
 
6.7 SUMMARY AND CONCLUSIONS 
Steel furnace slag (SFS), an industrial by-product, has typically seen little utilization in 
bound applications, such as in concrete as an aggregate, but has often been used a high-quality 
frictional aggregate in asphalt pavement surface courses. In recent years, roadway reconstruction 
and rehabilitation initiatives have produced significant amounts of reclaimed asphalt pavement 
(RAP) containing SFS aggregates, and there is presently few allowable applications for the use 
of SFS RAP in the United States.  
This study primarily investigated the potential of using coarse fractionated reclaimed 
asphalt pavement (FRAP) with SFS aggregates as a partial replacement of the coarse aggregate 
in concrete. Initially, three SFS FRAP sources (the total aggregate of each roughly contained  
one-third SFS) and three virgin SFS sources were evaluated for chemical and mineralogical 
composition, free calcium oxide (CaO) content, and expansion potential. Of the SFS FRAP 
sources, only one was evaluated as 20% and 50% replacements of the virgin aggregate in 
concrete, and this concrete was evaluated for strength (compression, split tension, and flexural), 
modulus, drying shrinkage, freeze/thaw durability, and fracture. Additionally, for comparison, 
two of the virgin SFS sources (one with high free CaO and the other with very low free CaO) 
were evaluated as 100% replacements of the coarse aggregate in concrete to determine the 
effects on strength, drying shrinkage, freeze/thaw durability, and fracture.  
 Based on the chemical and mineralogical tests, it was concluded that the virgin SFS 
compositions were similar to other SFS materials documented in the literature. Mineralogical 
testing confirmed that the SFS FRAP was composed of dolomite, SFS, and quartz. 
Complexometric titration using an ethylene glycol extraction technique in conjunction with 
thermogravimetric analysis was utilized to estimate the total free CaO content of each of the 
samples. The virgin SFS sources had free CaO ranging from <0.1% to 3.4% while the estimated 
free CaO contents of the SFS FRAP sources were about 1.0% to 1.5%. Using the results of the 
thermogravimetric analysis of SFS aggregates after autoclaving and assuming that all of the 
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available free magnesium oxide (MgO) in the SFS fully hydrated, the free MgO content was 
estimated to range from 0.2% to 2.2% for the virgin SFS sources.  
Compacted aggregate samples were autoclaved with steam at 300 psi and 420°F for three 
hours. Additional SFS mineralogical testing confirmed that expansion was being caused by the 
hydration of the free CaO and free MgO. An additional mineralogical phase change was noted as 
the conversion from β-dicalcium silicate (larnite) to γ-dicalcium silicate (calcio-olivine), which 
in some instances resulted in the disintegration of the SFS particle as there is a slight increase in 
unit cell volume associated with this phase change. In particular, this phase change was visibly 
evident with the SFS FRAP. The virgin SFS and the SFS FRAP with the asphalt coating 
removed experienced significant expansion (1% to 9%), except for the virgin SFS source with 
only <0.1% free CaO, which expanded by only 0.1%. In comparison, all SFS FRAP sources with 
the asphalt intact experienced a contraction rather than an expansion, which was partially due to 
some of the asphalt binder filling the voids between aggregates as well as the some of the SFS 
particles disintegrating from the β- to γ-dicalcium silicate phase change. These findings suggest 
that, for two of the three SFS FRAP sources, the asphalt coating prevents or hinders the 
hydration of the free expansive oxide phases (for one of these sources, stockpile weathering after 
milling may have resulted in minimal expansion), while for the third SFS FRAP source, the 
expansion of the free oxides was offset by the contraction as a result of the asphalt and dicalcium 
silicate phase conversion.  
In concrete, the SFS FRAP as a partial coarse aggregate replacement performed 
comparably to dolomite FRAP. The strength (compressive, split tensile, and flexural) was similar 
to, and in some instances not statistically different from, the strength of concrete with the same 
content of dolomite FRAP. The concrete modulus of elasticity with SFS FRAP was slightly 
higher than dolomite FRAP because of the stiffer SFS aggregates. Concrete with SFS FRAP 
aggregates experienced slightly greater shrinkage than concrete with dolomite aggregates, 
resulting in statistically higher shrinkage strains at later ages, although the shrinkage magnitude 
was still acceptable for conventional paving concrete. Concrete with SFS FRAP had some 
statistically similar fracture properties to dolomite concrete, namely the total fracture energy and 
the critical stress intensity factor. The freeze/thaw durability showed acceptable performance 
after 300 freeze/thaw cycles, with net durability factors of 101% and 80% for the 20% and 50% 
SFS FRAP mixes, respectively, although continuing past 300 cycles to 336 cycles significantly 
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reducing the net durability factors to 88% and 53% for the 20% and 50% SFS FRAP mixes, 
respectively. This reduction in freeze/thaw durability is suspected to be due to the asphalt coating 
on the FRAP and not the SFS aggregate in the FRAP.  
Concrete mixtures were also tested with 100% coarse virgin SFS, evaluating the effects 
of the SFS with high (3.4%) and low (<0.1%) free CaO contents. The compressive and split 
tensile strengths were lower than dolomite concrete, with the exception of the low free CaO SFS 
concrete compressive strength. The drying shrinkage of the concrete with SFS was statistically 
greater than dolomite concrete possibly because of the porous nature of the SFS aggregates and 
different aggregate source gradations. Relative to the dolomite concrete, the concrete fracture 
properties were statistically greater for the low free CaO SFS, while only the critical stress 
intensity factor was greater for the concrete with high free CaO SFS,. The freeze/thaw durability 
was unaffected by the free CaO content of the SFS, resulting in a durability factor of around 
100% after 300 freeze/thaw cycles.  
The main conclusions drawn from this study are the following: (1) SFS FRAP can 
contain significant amounts of free expansive oxides (CaO and MgO) even after weathering; (2) 
despite residual free expansive oxide contents, the autoclave testing of SFS FRAP produces 
minimal expansion, which can be misleading; (3) concrete performance with up to 50% SFS 
FRAP is suitable and similar to concrete with dolomite FRAP, indicating that the presence of the 
SFS in the FRAP is not detrimental to the concrete strength and durability; (4) concrete strength 
and durability with 100% virgin SFS (up to 3.4% free CaO) is acceptable; (5) virgin SFS free 
oxide content and expansion tests should be run before accepting them to make sure they are 
being used in the correct application. 
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CONCLUSIONS, RESEARCH CONTRIBUTIONS,  
AND FUTURE WORK 
 
SUMMARY AND CONCLUSIONS  
Past investigations have determined that the use of reclaimed asphalt pavement (RAP) or 
fractionated RAP (FRAP) aggregates as a partial to full replacement of coarse aggregates in 
concrete will reduce the concrete strength and modulus. The objective of this dissertation was to 
evaluate: (1) the interfacial transition zone (ITZ) composition and bonding properties of concrete 
containing RAP in order to ascertain the mechanism(s) causing the reduction in strength and 
modulus, (2) the behavior and failure of concrete slabs containing RAP aggregates, and (3) the 
deleterious expansive mechanisms of RAP with steel furnace slag (SFS) aggregates through 
chemical and short-term performance testing.  
The literature has shown that the interfacial transition zone (ITZ) is the “weak link” in 
concrete failure because of its (1) higher porosity, (2) larger and highly oriented calcium 
hydroxide (CH) crystals, and (3) the weak paste-aggregate bond. These “weak link” components 
were evaluated for concrete with RAP by interrogating the microstructure (ITZ) with image 
analysis of compositional backscattered electron micrographs as well as by investigating the 
nature of bonding between asphalt and cement paste with Fourier transform infrared 
spectroscopy and surface free energy measurements. With regard to each of the three “weak 
link” components, it was found that: 
(1) The ITZ of concrete with RAP aggregates is larger and more porous than concrete with 
dolomite aggregates. The higher porosity ITZ leads to a greater probability of crack 
initiation, thereby affecting the bulk concrete strength. The reduction in modulus was also 
attributed to the larger, more porous ITZ, which was further confirmed by predictions 
with multi-phase composite models that allow for elastic properties to be defined for the 
independent layers, including the aggregate, asphalt layer, ITZ, and bulk cement paste. 
(2) The bulk CH morphology in the ITZ was not found to be significantly different between 
cementitious systems with RAP or dolomite aggregates. However, immediately near the 
asphalt interface, there is evidence of a reduction in mean CH particle size, suggesting 
that the CH may be reacting or associating with certain molecules or functional groups in 
the asphalt. Overall, it was concluded that any changes in CH between mixtures with and 
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without RAP are relatively negligible with regard to its effect on the bulk concrete 
strength and modulus properties.  
(3) Through analysis of the surface free energies, the interfacial energy (bond) between 
cement paste and asphalt (RAP) was determined to be weaker than the interfacial energy 
between cement paste and dolomite. The asphalt-cement paste interfacial energy can be 
increased by as much as 200% by chemically treating the asphalt with such treatments as 
nitric acid, chromic acid, and maleic anhydride. The mechanism of increased interfacial 
bond energy was attributed to the oxidizing effect that the chemical treatments had on the 
asphalt, as was measured by the increased carbonyl and sulfoxide spectroscopic indexes 
using Fourier transform infrared spectroscopy. Ultimately, the work of cohesion of the 
asphalt coating was found to be about 25% less than the work of adhesion between 
asphalt and cement paste. Therefore, the asphalt cohesion failure is the dominant mode, 
which preferentially leads to crack propagation through the asphalt and not through the 
ITZ nor directly at the RAP-cement paste interface. 
Thus, based on the investigations into the ITZ “weak links,” the reductions in strength seen in 
concrete with RAP aggregates can be concluded to be a direct result of: (1) the larger, more 
porous ITZ and (2) the dominance of asphalt cohesion failure. 
Silica fume was investigated as a partial replacement of cement to determine its effect on 
potential ITZ improvement in concrete with RAP aggregates. The silica fume was found to 
somewhat improve the ITZ properties (i.e. less CH and slightly less porosity) in cementitious 
systems with RAP aggregates, but not significantly enough to be similar to the ITZ properties 
with dolomite aggregate. This explains why previous studies have not found silica fume to be 
very effective at improving the strength and modulus of concrete with RAP aggregates.  
Given the suitable field performance of concrete pavements with RAP aggregates noted 
in the literature, the behavior and failure of concrete containing RAP was studied with 
monotonic edge loading of large-scale concrete slabs. Despite the reductions in bulk strength and 
modulus, concrete with RAP aggregates (and/or recycled concrete aggregates as well) was found 
to perform similarly or even better than a virgin aggregate (dolomite) aggregate concrete in a 
full-scale flexural slab strength test. This favorable flexural load capacity was linked to the 
fracture properties of concrete with recycled aggregates, which were statistically similar to virgin 
aggregate concrete for the replacement levels and aggregate sources used in this study.  
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Steel furnace slag (SFS) aggregates can be a component of certain RAP aggregate 
sources, which adds to the complexity of evaluating their suitability for concrete mixtures. 
Concrete cast with SFS RAP aggregates offered similar short-term mechanical properties to 
concrete with dolomite RAP aggregates. The main concern with SFS RAP is the potential for 
free calcium and magnesium oxides (free CaO and MgO) to be present in the SFS, which expand 
deleteriously when hydrated. The expansion of SFS RAP is negligible to minimal when the 
asphalt coating on the aggregate was intact, but if the asphalt layer is removed, then the 
expansion was profound. It was confirmed that the SFS in the RAP, even after years in service in 
an asphalt pavement surface course, contained residual free CaO and MgO. Therefore, it is 
possible that, under long term exposure, water can move past or through the asphalt layer, such 
as through a stripping mechanism or freeze/thaw, to cause deleterious expansion. Thus, it is 
necessary for virgin SFS and SFS RAP sources to be chemically and mineralogically 
characterized and tested for expansion potential prior to usage in any bound application. The 
proposed suite of tests necessary to determine expansion potential of the SFS includes 
complexometric titration (free CaO determination), x-ray diffraction, and the autoclave 
expansion test. 
 
RESEARCH CONTRIBUTIONS AND IMPACTS 
The research and findings presented herein represent a considerable contribution to the 
understanding and characterization methods of recycled construction materials in concrete. The 
significant research findings and impacts can be summarized as follows: 
 This research offers the first study of the fundamental nature of bonding between asphalt and 
cement, examined using such techniques as Fourier transform infrared spectroscopy, 
backscattered electron microscopy, and surface free energy measurements. The findings offer 
the first insight, from a mechanistic rather than empirical basis, into the cohesive versus 
adhesive failure mode between asphalt and cement paste. Additionally, this study isolated the 
causes for the reductions in the bulk concrete strength and modulus when RAP aggregates 
are used, which was because of (1) the larger, more porous ITZ and (2) the dominance of 
asphalt cohesion failure.  
 The fundamental cause of the reduction in concrete strength and modulus with RAP 
aggregates had not previously been investigated. This study offered the first characterization 
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of the ITZ in cementitious materials containing RAP aggregates. The presence of the asphalt 
layer on the RAP particle complicates the sample preparation, as, for example, certain 
solvents or lubricating media, oven drying, or heat curing of epoxy cannot be used. This was 
the first study to identify and utilize a successful preparation technique of cementitious 
materials with RAP aggregates. Image analysis was performed in a MATLAB-based 
framework by modernizing and automating techniques and concepts that have been 
developed over the past 30 years. An innovative Euclidean distance mapping approach was 
employed to determine the contents of detectable porosity, calcium hydroxide, and 
unhydrated cement as a function of distance at submicron resolution. 
 While previous studies in the literature have evaluated the surface free energy of asphalt and 
cement paste, this was the first study to utilize the sessile drop (contact angle) method and 
the van Oss-Chaudhury-Good theory to interrogate the interfacial bond energy between 
asphalt and hydrated cement paste. With regard to these measurements, this was additionally 
the first study to evaluate the effects of bond improvement techniques (i.e. rapid chemical 
oxidation of asphalt) to increase the interfacial bond energy between asphalt and cement 
paste.  
 While RAP has been shown empirically to perform suitably as a partial replacement of 
coarse aggregate in concrete pavement field applications, no study has characterized the 
effect of RAP in concrete on the large-scale response and failure of concrete slabs. This study 
was the first to examine the flexural load capacity of (1) concrete slabs with RAP aggregates 
and a blend of RAP and recycled concrete aggregates (RCA); (2) two-lift concrete slabs with 
recycled aggregates; and (3) fiber-reinforced two-lift concrete slabs with RAP aggregates. 
The slab capacity was primarily linked to the measured fracture properties of the concrete 
materials whether the mixture contained virgin or recycled materials. 
 Steel furnace slag (SFS), which is used as frictional aggregate in asphalt pavement surface 
courses, had not previously been fully characterized when the pavement is milled to generate 
SFS RAP. This study connected the chemical and mineralogical properties of SFS RAP to 
the expansive nature of the SFS material through specific tests, including complexometric 
titration, x-ray diffraction, thermogravimetric analysis, inductively coupled plasma optical 
emission spectroscopy, and an accelerated autoclave expansion test. It was concluded that, if 
a given SFS RAP source has limited to no deleterious expansion potential, then the SFS RAP 
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as a partial replacement of coarse aggregate in concrete can provide similar mechanical 
properties to concrete with dolomite RAP.  
 
RECOMMENDATIONS AND FUTURE WORK 
The use of reclaimed asphalt pavement (RAP) offers environmental and sustainable 
benefits to concrete materials. Despite reductions in concrete strength and modulus, the concrete 
durability properties have been found to be suitable. In addition, concrete with RAP does not 
experience a reduction in fracture properties, which was the primary reason for the favorable slab 
flexural capacity performance. Since beam flexural strength was found to not to be a good 
indicator of slab capacity, designing concrete slabs based on the traditional strength 
measurements will result in a significantly overdesigned pavement structure, particularly when 
recycled materials are utilized. With increasing usage of recycled aggregates in concrete, a 
fracture mechanics-based approach is required to approve of mixture designs and conduct 
structural designs.  
The use of supplementary cementitious materials, such as silica fume, was not found to 
significantly alter (improve) the ITZ properties of concrete with RAP. Therefore, it is not 
recommended that silica fume be used as a method to offset the reductions in strength and 
modulus, as the increased cost is likely not worth the marginal gain in performance. Rather, in 
order to improve the strength and modulus of the concrete, a method must be found to prevent 
the asphalt cohesive failure mode – the dominating failure mode of concrete with RAP – and 
instead promote an asphalt-cement adhesion failure or an ITZ cohesion failure, as methods are 
available to improve these bond energies (such as treating the RAP to improve the asphalt-
cement interfacial bond and the use of silica fume to increase the ITZ cohesive energy). The 
proposed future work is to investigate how the asphalt cohesive energy can be increased, 
especially for thin asphalt coatings, possibly though chemical or bacteriological methods.  
Steel furnace slag (SFS) RAP, obtained from asphalt pavement surface courses, offers 
suitable short-term concrete performance, such as improved elastic modulus and fracture 
properties and similar strength and durability properties to concrete with dolomite RAP. 
However, residual expansive free CaO and MgO in the SFS are a cause for concern in the 
concrete long-term performance. Further research is needed to (1) ascertain if the free CaO and 
MgO present in the SFS aggregate will, in the long term, react and deleteriously expand in 
   
438 
 
concrete when SFS aggregates are partially coated asphalt, (2) how much overall concrete 
expansion can occur if the free CaO and MgO react (i.e. what is the allowable expansion limit), 
(3) how much time is required for the free CaO and MgO in the SFS RAP to react when 
embedded in concrete, and (4) the acceptable limits on the total free CaO and MgO contents for 
the material to be used in concrete or other applications. Additionally, future work is needed to 
develop a rapid, accurate test to determine the free MgO content in SFS and SFS RAP sources.  
The freeze/thaw durability of concrete with RAP aggregates has indicated variable 
results. The freeze/thaw performance of dolomite RAP with a low asphalt content was found to 
be suitable while the freeze/thaw performance of SFS RAP was unsuitable. Since virgin SFS 
aggregates indicated superior freeze/thaw durability, the performance issue with SFS RAP was 
concluded to not be a function the SFS. Further research is needed to evaluate more RAP sources 
for freeze/thaw durability. In addition, research is needed to evaluate the mechanism causing 
poor freeze/thaw durability. Perhaps it is a function of debonding at the asphalt-cement interface 
(i.e. stripping) rather than freeze/thaw microcracking damage.  
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APPENDIX A: A DISCUSSION OF POLISHING PROCEDURES 
 
Through a process spanning multiple months, various techniques were evaluated to 
determine the best methods for epoxy impregnation and polishing. Ultimately, the biggest issue 
with polishing complications was due to insufficient epoxy impregnation, as is discussed in 
Section A.1. The second issue was finding a suitable polishing medium for final polishing with 
diamond paste, which is discussed in Section A.2. A step-by-step method is proposed and 
detailed in Section A.3.  
 
A.1 EPOXY IMPREGNATION ISSUES 
As discussed by Diamond (2007), there are a number of epoxies available that have been 
used for impregnation of cementitious materials, and the viscosities of these epoxies were found 
to range from 6 to 850 cP. Initial studies were conducted using Buehler EpoThin, which has a 
viscosity around 240 cP (Diamond 2007). Ultimately, this epoxy was simply too viscous for 
sufficient impregnation using the main laboratory vacuum lines (Figure A-1), which were 
measured to pull a vacuum of about 10 inches of mercury (~33% vacuum).  
 
 
Figure A-1. Secondary electron image of an ITZ polished down to the 1200 grit. Note the 
excessively poor polish of the sample due to complete lack of epoxy impregnation. 
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Upon consultation with experts (P. Stutzman, personal communication, November 2014), 
an ultra-low viscosity was tried, which was LR White (hard grade). LR White has a viscosity of 
about 5.5 cP (Diamond 2007), which allows complete impregnation of the sample. In addition, 
LR White requires a chemical accelerator or heat for polymerization, so long impregnation times 
are possible. Initial studies were conducted using the main laboratory vacuum lines (~10 inches 
of mercury), but insufficient impregnation was still discovered, as evidenced by significant relief 
(Figure A-2).   
 
 
Figure A-2. Topographical contrast BSE imaging of a poorly impregnated cement paste sample 
that had been polished with 6 μm diamond paste on a cotton cloth. 
 
A higher vacuum was then used to assist the epoxy in achieving deeper penetration. A 
vacuum pump was used that was able to pull a vacuum of about 29.9 inches of mercury (~100% 
vacuum)
*
. Using thinner sections for epoxy impregnation – the samples were cut as thin as 
possible (~1 mm thick or less) using a low-speed diamond saw with isopropyl alcohol as 
lubricant – and the higher vacuum, significantly greater penetration depths were achieved. 
Samples placed in LR White were put under vacuum until air bubbles stopped leaving the 
                                                 
*
 Kjellsen et al. (2003) also recommended using a vacuum of this strength for epoxy impregnation.  
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specimen, after which the vacuum was gently released. The LR White chemical accelerator was 
used to initially set the epoxy, and then the entire sample was placed in an oven (65-75°C) for 
24-48 hours to ensure that the internal epoxy not polymerized by the accelerator was set by 
heating.  
Ultimately, however, there will still some issues with the polishability of the final 
hardened LR White sample. Similar issues like what was shown in Figure A-2 were still 
encountered, but to a less severity. Other researchers (Kjellsen et al. 2003) have used a product 
similar to EpoThin called Epotek 301, which has a very similar viscosity at 260 cP (Diamond 
2007), and have reported suitable impregnation with just Epotek 301 and high vacuum (~29 
inches of mercury). Therefore, the EpoThin product was reevaluated using the higher vacuum, 
although 5% toluene was added to the mixed epoxy to reduce the viscosity, which has been used 
by other researchers to reduce the epoxy viscosity (Wong and Buenfeld 2006).   
The EpoThin with 5% toluene was found to be successful. Initially, a thin section of 
material was placed on top of a thin layer of the EpoThin/toluene mixture and placed under 
laboratory vacuum (~10 inches of mercury) to draw some of the epoxy into the pore structure. 
Then the sample was placed under high vacuum (~29.9 inches of mercury), and, while still under 
vacuum, the EpoThin/toluene mixture was introduced to the sample through a nozzle in the top 
of the desiccator. After a few minutes under high vacuum, the vacuum was released, forcing 
additional epoxy into the pore structure. While the epoxy penetration depth is not complete and 
is rather limited to near the surface, the polishability was found to be superior, provided that as 
little material as possible was removed from the surface with the coarser grit silicon carbide 
(SiC) paper.  
 
A.2 POLISHING MEDIA ISSUES 
Even once suitable epoxy impregnation was obtained, there were still significant issues 
with relief when testing for the proper polishing media. A number of lubricants and polishing 
mats and cloths were tested. One acceptable option was found by using a silk cloth
†
 with 
diamond paste on top of a clean glass surface, although it was ultimately found that the diamond 
                                                 
†
 A natural silk cloth was found to be best; the ones used in this study were Extec Silk Cloths. Woven synthetic silk 
cloths, such as Buehler VerduTex were not found to be as suitable.  
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paste polishing was more effective when used alone on the glass surface (i.e. without the silk 
cloth). 
Particularly when there was insufficient epoxy impregnation, the use of lubricants 
significantly increased the relief. With sufficient epoxy impregnation, some lubricants were 
found to perform better than others. The literature commonly cites the use of propylene glycol 
(Jana 2006) or ethanol
‡
 (Kjellsen et al. 2003), particularly for finer polishing, but these did not 
perform as well as other lubricants. Similarly, blended products of propylene glycol and alcohol, 
as mentioned in the literature (Ahmed 1994; Jana 2006), such as Allied BlueLube, were not 
found to be suitable. Oil-based lubricants are also cited in the literature (Ahmed 1994; Crumbie 
2001; Mouret et al. 2001; Jana 2006; Winter 2012) and were found to provide the best polish, 
when needed. Buehler AutoMet Lapping Oil was utilized in this study and was found to assist 
with finer polishing, particularly with the 800 and 1200 grit papers, although plain diamond paste 
(i.e. no added polishing oil) was found to work best. Dry polishing on the silicon carbide papers 
was found to result in the best polished surface, particularly with the coarser grit grinding and 
polishing, which is a common practice in the literature (Stutzman and Clifton 1999; Mouret et al. 
2001; Kjellsen et al. 2003; Wong and Buenfeld 2006).  
A low-relief (low-nap) polishing cloth is typically cited as the final polishing medium to 
be used with diamond paste (Stutzman and Clifton 1999; Crumbie 2001). Initially, clean lint-free 
cotton cloths
§
 were used in this study, which were found to provide a suitable polish, although 
not without some relief. Winter (2012) suggested final polishing on a metal plate, a glass plate, a 
silk or nylon cloth, or a polyurethane pad. Unsuitable relief and/or scratches were found when 
polishing with diamond paste (with and without lubricant) on metal, glass, and nylon. A number 
of polishing pads were also tested with diamond paste (with and without lubricant), including 
Buehler TexMet C (nonwoven cloth), Buehler VerduTex (synthetic silk cloth), Allied Final-POL 
(synthetic flock), Allied Gold Label (woven nylon), and Allied Nylon (woven nylon), all of 
which yielded unacceptable relief. Jana (2006) recommended cloths of harder materials for 
minimizing surface relief, and Winter (2012) suggested one possibility as a silk cloth on glass. 
Eventually, silk cloth on glass was found to result in the least amount of relief. Diamond paste 
                                                 
‡
 One potential issue with ethanol is that it can dissolve certain epoxies. LR White in particular is susceptible to 
ethanol.   
§
 Twill-Jean Cotton Cleaning Cloths, which are lintless and pure cotton. These are manufactured for polishing 
delicate components on electron microscopes.  
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with ethanol on a silk cloth did also yield a more suitable surface (Figure A-3), as did diamond 
paste with oil, but it is suspected that the lubricants diluted the diamond concentration too much, 
so plain diamond paste was found to provide the best surface polish (Figure A-4 and Figure A-
5). Figure A-6 indicates the suitable polish that was eventually obtained by dry polishing with 
the SiC papers and polishing with diamond paste on a clean, smooth glass surface.  
As is discussed by Winter (2012), it is virtually impossible to remove all defects in the 
polished sample; the objective is to obtain a satisfactorily polished sample for the required 
testing, which means that, depending on the length scale of examination and testing and the 
additional use of image analysis and processing, some scratches or pull-outs might be acceptable.  
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(a) 
 
(b) 
Figure A-3. Topographical contrast BSE (a) and compositional contrast (b) imaging of a cement 
paste sample that had been polished down to 0.25 μm diamond paste with ethanol on a silk cloth. 
Note that this sample is impregnated moderately well with epoxy.  
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(a) 
 
(b) 
 
(c) 
Figure A-4. Topographical contrast BSE (a), compositional contrast BSE (b), and secondary 
electron (c) imaging of a dolomite mortar sample that had been polished down to 0.25 μm with 
diamond paste on a silk cloth on top of a glass surface.  
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(a) 
 
(b) 
 
(c) 
Figure A-5. Topographical contrast BSE (a), compositional contrast BSE (b), and secondary 
electron (c) imaging of a dolomite mortar sample that had been polished down to 0.25 μm with 
diamond paste on a glass surface.  
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(a) 
 
(b) 
Figure A-6. Compositional contrast BSE (a) and topographical contrast BSE (b) imaging of a 
FRAP mortar sample that had been polished down to 0.25 μm with diamond paste on a glass 
surface. 
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A.3 THE BRAND SAMPLE PREPARATION AND POLISHING PROCEDURE 
For this study and for this particular set of samples, through numerous trial and error, the 
following procedure was found to produce acceptable samples and results
**
: 
1. Use a larger-scale wet saw (such as a tile saw) to cut larger sections of the sample.  
2. Use a low-speed diamond saw with isopropyl alcohol as lubricant to cut thin sections (~1 
mm thick or less) from the larger sections. Sonicate the thin sections briefly in isopropyl 
alcohol to remove any residual fines.  
3. Place the sections vertically under vacuum (house vacuum line; 10 inches of mercury, ~33% 
vacuum) to allow drying from all sides of the thin sections. Vacuum dry for 24 hours.  
4. Prepare the sample mold cups. Coat the insides of the plastic mold cups with release agent 
and allow to the release agent to dry. Repeat with a second coating of release agent. Once the 
mold cups are dry, place your thin sections in the molds (place the flattest side facing 
upwards).  
5. Prepare the EpoThin epoxy by mixing the two components (resin and hardener) and then add 
5% toluene by weight. Mix thoroughly but gently to avoid adding bubbles to the liquid 
mixture.  
6. Set up the dessicator. Use disposable plastic tubing to run through the top of the lid, sealing 
the entry point with Teflon tape. Use a tube clamp
††
 to cut off the flow in the tubing. Place 
the first sample in the dessicator under the tube and apply high vacuum (~29 inches of 
mercury, near perfect vacuum).  
7. Allow the sample to evacuate any remaining air under vacuum for a few minutes. Then, with 
the other end of the tubing in the mixed epoxy, gently release the tube clamp to allow the 
epoxy mixture to flow through the tube and onto your sample under vacuum. Allow enough 
epoxy to pass through the tubing such that the sample is thinly covered and then reapply the 
clamp to stop the flow of epoxy. Allow the sample to sit in epoxy under vacuum for a few 
minutes (the epoxy may bubble due to escaping air from the sample and/or due to the epoxy 
boiling under low pressure).  
                                                 
**
 That is to say, every sample is different and presents its own challenges. Trial and error is necessary to find the 
optimum procedure. Certainly the literature presents different methods that the various authors have found to be 
suitable (i.e. dry vs. wet polishing, alcohol-based vs. oil-based lubricants, manual polishing vs. automated polishing, 
etc).  
††
 For example, McMaster-Carr item 5031K11 (Clamp-Style Pinch Valve).  
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8. Release the vacuum to force the epoxy into the sample. Remove the sample cup from the 
dessicator and flip over the sample (the epoxy was forced in from the top, so flip over the 
sample so that the face of the sample that should have the most epoxy penetration depth is 
now facing downwards, which will be the face that will be polished). Firmly press the sample 
to the bottom of the sample cup and add enough epoxy so that the cup is about 3/4 full.  
9. Allow the epoxy to cure for 24 hours and then remove the epoxy pucks from the sample 
molds. Clean or scrape off any remaining burrs along the edges of the epoxy puck.  
10. Starting with a coarser grit, usually the 400 grit SiC paper, firmly apply pressure to manually 
grind the surface of the sample just barely enough to expose the surface. Too much grinding 
with the coarse grit will remove too much sample and risk removing material past the epoxy 
penetration depth.  
11. Clean off the surface to remove any particles. Since the sample is being polished dry, 
compressed air is usually sufficient. Do this after every grit paper. A reflected light 
microscope can be used to examine the polishing progress; if too many large scratches or 
gouges are seen, then additional time with the previous grit size may be necessary. For 
examples, refer to Figure 2-11 in Chapter 2, which is sourced from the Wong (2006) 
dissertation.  
12. Once the surface is barely exposed, proceed with finer and finer grit sizes to grind and polish. 
Typically dry polishing with the following grits was sufficient: 600, 800, 1200, and p4000. 
Usually the best polishing is obtained with long polishing times on the 800 and 1200 grits; 
sometimes is it necessary to use two or more grit papers. The necessary time and applied 
pressure requires practice, but typically firm pressure is good for the coarse grits (400 and 
600) and lighter pressure is needed for the finer grits (800, 1200, and p4000). For the 1200 
and p4000 grits, the lightness of pressure should be almost like the sample “floating” on the 
grit paper. For time of polishing, start with about 1 minute on each grit. The 800 and 1200 
grit sizes are probably the most important, so these may require a few minutes and two or 
more papers.  
13. Depending on how the sample looks under the microscope, more or less diamond pastes will 
be needed. At younger ages, usually the sample planeness is good after the p4000 grit with 
minimal scratches, so it is sometimes possible to only need to use the 1 μm and 0.25 μm 
diamond pastes; otherwise proceed from the 3 μm to the 1 μm to the 0.25 μm diamond 
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pastes. Use the diamond paste on a clean, smooth glass surface and polish by gently moving 
the sample in circular, rotating motions. The sample should be “floating” on a thin layer of 
diamond paste, so apply minimal pressure. To clean off the diamond paste in between 
subsequent pastes, use a clean cotton cloth (see Footnote §) to gently remove the excess 
paste; applying too much pressure can scratch the surface. 
14. Once the final diamond paste (0.25 μm) has been used, again use the clean cotton cloth to 
remove excess paste. Clean the surface more thoroughly now by using a solvent as well, such 
as ethanol (be careful though; see Footnote ‡) or isopropyl alcohol. Use compressed air to 
dry off the solvent.  
15. Coat the sides of the epoxy puck with carbon paint – this will ensure sufficient conduction in 
the SEM – and place the samples in the vacuum to dry the paint.  
16. Use a sputter coater to apply a thin conductive coating to the surface of the sample. A 30 
second sputter coating (~75 Å) of gold palladium was found to be sufficient. Apply short 
strips of aluminum or copper conductive tape to connect the sides of the carbon-coated epoxy 
puck to the sputter-coated surface – again this will ensure sufficient conduction in the SEM.  
17. The sample is now ready for examination in the SEM.  
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APPENDIX B: OTHER ITZ SIZE ESTIMATION METHODS 
 
Various methods to estimate the size of the ITZ were considered, including univariate 
statistics, model fitting, statistical methods, and spatial statistics. These methods and equations 
were detailed in Chapter 2, Section 2.2.5.  
 
B.1 METHODS TO DETERMINE THE RELATIVE SIZE OF THE ITZ 
B.1.1 Size of the ITZ based on Power Law Functions 
The size of the ITZ was estimated by applying the power law functions (Equations 2.8 
and 2.9) to the porosity and unhydrated cement trends. The bulk content was assumed to be the 
average of content in the range of 60 to 100 μm. The fit was applied to the average value in 
addition to the trends created by considering plus and minus one standard deviation as indicated 
as examples in Figure B-1 for average porosity and Figure B-2 for unhydrated cement.  
Ultimately, the power law functions were deemed to result in an unsatisfactory analysis of the 
ITZ size. The function did not fit the data particularly well, and the function was highly 
dependent on selection of parameters and windowing of the dataset.  
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Figure B-1. Estimation of the size of the ITZ based on detectable porosity (average and +/- one 
standard deviation) using the power law fit. 
 
 
Figure B-2. Estimation of the size of the ITZ based on unhydrated cement (average and +/- one 
standard deviation) using the power law fit.  
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B.1.2 Size of the ITZ based on Hyperbolic Functions 
The size of the ITZ was estimated by applying the hyperbolic functions (Equations 2.10 
and 2.11) to the unhydrated cement and porosity trends. The size of the ITZ was selected based 
on 80% of Ault, which is the corresponding asymptote value of the data fit. The asymptotic nature 
of the hyperbolic function allowed for a more reliable metric from which to base the size of the 
ITZ, as initial values were not necessary nor was data windowing such as were required for the 
power law fit. An example of the hyperbolic fit of all of the data is shown in Figure B-3. 
 Ultimately, while the hyperbolic function was found to fit the data well, the estimated 
size of the ITZ was highly dependent on percentage of Ault that was decided. As can be seen in 
Table B-1 and Table B-2, the size of the ITZ was highly variable, ranging from 26 to 85 μm, 
which did not significantly agree with the visual estimation of the ITZ size. The hyperbolic fit of 
all of the data (Table B-3 and Table B-4) was found to be roughly equivalent to the fit of the 
average data (Table B-5 and Table B-6).  
 
 
Figure B-3. An example of the hyperbolic fit for the detectable porosity data for the dolomite 
mortar at 7 days.  
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Table B-1. Estimated Size of the ITZ Based on Average Detectable Porosity and Estimated 
Percent of the True Mean with 95% Confidence 
Mix 
Age 
(days) 
No. of 
Images 
Size of the 
ITZ, μm 
(Range*) 
Percent of the True Mean in ITZ 
(95% Confidence) 
Porosity CH UH 
Dolomite 
Mortar 
7 43 
58.0 (51.8-
64.2) 
7.8% 17.1% 14.8% 
Clean FRAP 
Mortar 
1 41 
84.8 (77.6-
92.0) 
10.0% 14.7% 15.4% 
Dirty FRAP 
Mortar 
1 64 
26.1 (23.1-
29.1) 
7.7% 12.9% 14.3% 
7 53 
62.6 (56.8-
68.3) 
10.0% 12.6% 16.1% 
 
Table B-2. Estimated Size of the ITZ Based on Average UH and Estimated Percent of the True 
Mean with 95% Confidence 
Mix 
Age 
(days) 
No. of 
Images 
Size of the 
ITZ, μm 
(Range*) 
Percent of the True Mean in ITZ 
(95% Confidence) 
Porosity CH UH 
Dolomite 
Mortar 
7 43 
37.1 (32.4-
41.7) 
7.8% 17.2% 16.4% 
Clean FRAP 
Mortar 
1 41 
23.8 (21.0-
26.2) 
9.0% 15.4% 20.8% 
Dirty FRAP 
Mortar 
1 64 
29.9 (26.9-
32.7) 
7.7% 12.8% 13.8% 
7 53 
42.7 (38.2-
47.0) 
8.8% 12.6% 16.9% 
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Table B-3. Hyperbolic Fitting Parameters based on All of the Porosity Data 
Mix 
Age 
(days) 
No. of 
Images 
Fitting Parameters  
(95% Confidence Bounds) R
2
 Value 
Ault (%) B50% (μm) C (%) 
Dolomite Mortar 7 43 
0.2948 
(0.2897, 
0.2999) 
14.50 
(13.49, 
15.50) 
0.3643 
(0.3582, 
0.3704) 
0.5867 
Clean FRAP 
Mortar 
1 41 
0.3167 
(0.3069, 
0.3266) 
21.2 
(18.13, 
24.27) 
0.5057 
(0.4943, 
0.5172) 
0.2759 
Dirty FRAP 
Mortar 
1 64 
0.3343 
(0.3205, 
0.3480) 
6.521 
(5.766, 
7.276) 
0.5842 
(0.5691, 
0.5993) 
0.2307 
7 53 
0.5198 
(0.5077, 
0.5320) 
15.64 
(14.12, 
17.15) 
0.6694 
(0.6549, 
0.6839) 
0.3764 
 
Table B-4. Hyperbolic Fitting Parameters based on All of the Unhydrated Cement Data 
Mix 
Age 
(days) 
No. of 
Images 
Fitting Parameters  
(95% Confidence Bounds) R
2
 Value 
Ault B50% C 
Dolomite 
Mortar 
7 43 
0.2323 
(0.2284, 
0.2361) 
9.271 
(8.466, 
10.08) 
0 0.2105 
Clean FRAP 
Mortar 
1 41 
0.2372 
(0.2204, 
0.2541) 
5.999 
(4.836, 
7.162) 
0.001615 
(-0.01676, 
0.01999) 
0.1423 
Dirty FRAP 
Mortar 
1 64 
0.2089 
(0.1983, 
0.2195) 
8.515 
(7.170, 
9.859) 
0.02254 
(0.01061, 
0.03447) 
0.1424 
7 53 
0.1449 
(0.1371, 
0.1527) 
12.46 
(9.97, 
14.95) 
0.01884 
(0.009659, 
0.02801) 
0.1180 
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Table B-5. Hyperbolic Fitting Parameters based on the Porosity Data Average 
Mix 
Age 
(days) 
Fitting Parameters  
(95% Confidence Bounds) R
2
 Value 
Ault B50% C 
Dolomite 
Mortar 
7 
0.2948 
(0.2869, 
0.3028) 
14.50 
(12.94, 
16.06) 
0.3643 
(0.3549, 
0.3738) 
0.9629 
Clean 
FRAP 
Mortar 
1 
0.3167 
(0.3110, 
0.3225) 
21.2 
(19.4, 
23.0) 
0.5057 
(0.4990, 
0.5124) 
0.9789 
Dirty 
FRAP 
Mortar 
1 
0.3343 
(0.3254, 
0.3431) 
6.522 
(6.035, 
7.008) 
0.5842 
(0.5744, 
0.5939) 
0.9793 
7 
0.5198 
(0.5083, 
0.5313) 
15.64 
(14.21, 
17.07) 
0.6694 
(0.6557, 
0.6831) 
0.9734 
 
Table B-6. Hyperbolic Fitting Parameters based on the Unhydrated Cement Data Average 
Mix 
Age 
(days) 
Fitting Parameters  
(95% Confidence Bounds) 
R
2
 
Value 
Ault B50% C 
Dolomite 
Mortar 
7 
0.2322 
(0.2267, 
0.2378) 
9.267 
(8.106, 
10.43) 
0 0.8487 
Clean FRAP 
Mortar 
1 
0.2374 
(0.2188, 
0.2560) 
5.985 
(4.704, 
7.267) 
0.001418  
(-0.01891, 
0.02174) 
0.8506 
Dirty FRAP 
Mortar 
1 
0.2087 
(0.1980, 
0.2195) 
8.545 
(7.170, 
9.919) 
0.02277 
(0.01064, 
0.03489) 
0.9129 
7 
0.1449 
(0.1390, 
0.1508) 
12.49 
(10.60, 
14.37) 
0.01893 
(0.0120, 
0.02585 
0.9270 
 
B.1.3 Size of the ITZ based on Statistical Differences 
An example of the ITZ size estimation based on statistical differences (z-test, Equation 2-
13) is shown in Table B-7. As can be noted, the size of the ITZ was found to increase with age in 
using this method, which does not agree with the literature (i.e. the ITZ size should decrease with 
age). In addition, the range in ITZ size based on standard deviation was found to be as large as 
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30 μm. Ultimately it was decided that this method was perhaps unsuitable for ITZ size 
estimation.  
 
Table B-7. Estimated Size of the ITZ Based Statistical Differences (95% Confidence) in Average 
Detectable Porosity and Average Detectable UH  
Mix 
Age 
(days) 
No. of 
Images 
Size of the ITZ, μm 
Based on 
Porosity 
Based on UH 
Dolomite 
Mortar 
1 52 
32.0 
(28.8-59.6) 
25.6 
(22.4-26.8) 
7 43 
45.2 
(39.6-51.6) 
25.6 
(19.2-26.8) 
28 58 
49.6 
(33.6-54.4) 
31.2 
(24.8-33.2) 
 
Instead assuming 99% confidence (i.e. p-value ≥ 0.01), the estimated size of the ITZ 
appeared to match better with visual estimations at 28 days. Table B-8 indicates that the size of 
the ITZ (based on porosity) of mortar with FRAP is larger than the dolomite mortar ITZ. The 
addition of silica fume reduced the size of the ITZ, as expected, relative to the FRAP mortar 
without silica fume. In general, the size of the ITZ (based on UH) was not affected by the 
presence of FRAP.  
 
Table B-8. Estimated Size of the ITZ Based Statistical Differences (99% Confidence) in Average 
Detectable Porosity and Average Detectable UH 
Mix 
Age 
(days) 
Size of the ITZ, μm 
Based on 
Porosity 
Based on 
UH 
Dolomite  28 34.0 25.6 
Clean FRAP  28 42.4 25.6 
Dirty FRAP  28 54.0 28.0 
Dirty FRAP (with 10% 
Silica Fume) 
28 28.4 18.0 
SFS FRAP 28 52.0 26.8 
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B.1.4 Size of the ITZ based on the Semivariogram 
The semivariogram based on detectable porosity and UH was determined using Equation 
2.16 and fit with the exponential function in Equation 2.17. The size of the ITZ was determined 
based on the practical range of the semivariogram (95% of the sill). Confidence intervals (95%) 
were also determined for the exponential fit, from which the range in the estimated ITZ size was 
determined.  
 The size of the ITZ based on the semivariogram is shown in Table B-9, with an example 
semivariogram and exponential fit shown in Figure B-4. Ultimately the semivariogram method 
was not optimal for this study, as the size of the ITZ did not necessarily agree with the visual size 
of the ITZ. For example, the semivariogram determined that the size of the ITZ was 12 μm and 
25 μm based on the detectable porosity and UH, respectively, which, particularly for porosity, 
does not agree with the visual ITZ size, as is demonstrated in Figure B-5. The model fitting 
parameters and root mean squared error (RSME) are shown in Table B-10 and Table B-11. 
 
Table B-9. The Size of the ITZ based on Porosity and UH using the Semivariogram 
Mix 
Age 
(days) 
Size of the ITZ, μm 
Based on Porosity Based on UH 
Dolomite 
Mortar 
1 49.0 (44.4-53.6) 41.8 (36.6-47.0) 
7 12.2 (10.3-14.1) 25.0 (19.4-30.6) 
28 6.3 (5.7-6.9) 47.4 (42.1-52.5) 
Clean FRAP 
1 4.8 (4.3-5.6) 43.9 (38.1-49.7) 
7 63.0 (54.5-71.4) 32.9 (28.8-37.0) 
SFS FRAP 
1 38.6 (35.5- 41.7) 34.8 (30.9-38.7) 
7 14.9 (13.4-16.4) 35.3 (29.8-40.7) 
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Figure B-4. Semivariogram and exponential fit for the detectable porosity data from dolomite 
mortar at 7 days.  
 
 
Figure B-5. Average detectable porosity and UH for dolomite mortar at 7 days with the size of 
the ITZ as determined by the semivariogram marked by a black diamond.  
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Table B-10. Semivariogram Exponential Model Fitting Parameters based on Detectable Porosity 
Mix 
Age 
(days) 
Model Parameters (95% Confidence 
Intervals) RSME 
c0 c1 a0 
Dolomite 
Mortar 
1 
0.0008 
(0.0000, 
0.0015) 
0.0115 
(0.0108, 
0.0122) 
16.7185 
(14.8564, 
18.5806) 
0.0011 
7 
0.0003  
(-0.0005, 
0.0012) 
0.0061 
(0.0052, 
0.0069) 
4.1482 
(3.3245, 
4.9719) 
6.3043e-04 
28 
-0.0023  
(-0.0036, 
 -0.0009) 
0.0119 
(0.0106, 
0.0133) 
1.9717 
(1.6859, 
2.2575) 
6.0377e-04 
Clean FRAP 
1 
-0.0043 
 (-0.0073, -
0.0013) 
0.0132 
(0.0103, 
0.0162) 
1.4110 
(1.0189, 
1.8031) 
0.0010 
7 
0.0040 
(0.0035, 
0.0045) 
0.0078 
(0.0074, 
0.0083) 
24.3690 
(20.8860, 
27.8520) 
8.8948e-04 
SFS FRAP 
1 
0.0012 
(0.0007, 
0.0017) 
0.0087 
(0.0082, 
0.0092) 
13.4492 
(12.1572, 
14.7413) 
6.9190e-04 
7 
-0.0036  
(-0.0055,  
-0.0016) 
0.0180 
(0.0161, 
0.0199) 
4.6308 
(3.9264, 
5.3351) 
0.0015 
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Table B-11. Semivariogram Exponential Model Fitting Parameters based on Detectable UH 
Mix 
Age 
(days) 
Model Parameters (95% Confidence 
Intervals) RSME 
c0 c1 a0 
Dolomite 
Mortar 
1 
-0.0007  
(-0.0011,  
-0.0002) 
0.0049 
(0.0044, 
0.0054) 
13.3169 
(11.1017, 
15.5320) 
6.7195e-04 
7 
-0.0003  
(-0.0012, 
0.0006) 
0.0048 
(0.0039, 
0.0056) 
8.1773 
(5.7820, 
10.5727) 
9.4974e-04 
28 
-0.0005  
(-0.0009, 
0.0000) 
0.0056 
(0.0052, 
0.0060) 
15.3610 
(13.2063, 
17.5156) 
6.6081e-04 
Clean FRAP 
1 
0.0007 
(0.0002, 
0.0013) 
0.0060 
(0.0055, 
0.0066) 
15.2267 
(12.8453, 
17.6080) 
7.9301e-04 
7 
-0.0001  
(-0.0004, 
0.0003) 
0.0036 
(0.0033, 
0.0039) 
10.9146 
(9.2053, 
12.6238) 
4.0979e-04 
SFS FRAP 
1 
-0.0010  
(-0.0016,  
-0.0004) 
0.0057 
(0.0052, 
0.0063) 
10.9009 
(9.2030, 
12.5988) 
  7.0056e-04 
7 
0.0001   
(-0.0006, 
0.0008) 
0.0060 
(0.0053, 
0.0067) 
11.8446 
(9.5530, 
14.1362) 
9.3295e-04 
 
An additional semivariogram exponential model fitting was applied assuming a nugget 
effect of zero and incorporating a factor of exp(-3) to determine the 95% practical range 
(Equation 2.18). The results of this fitting are shown in Table B-12, with the fitted parameters 
shown in Table B-13.  
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Table B-12. The Size of the ITZ based on Porosity using an Exponential Fit of the 
Semivariogram 
Mix 
Age 
(days) 
Size (Range) of the 
ITZ, μm 
Based on Porosity 
Dolomite 
Mortar 
1 46.3 (42.9-49.8) 
7 11.8 (10.2-13.3) 
28 7.2 (6.5-8.0) 
Clean FRAP 
1 40.3 (36.2-44.5) 
7 31.1 (28.5-33.8) 
28 11.5 (9.0-14.1) 
Dirty FRAP 
1 11.1 (9.1-13.1) 
7 41.3 (38.2-44.4) 
28 14.1 (10.8-17.3) 
Dirty FRAP 
(with 10% 
Silica Fume) 
1 37.3 (35.0-39.7) 
7 8.2 (5.6-10.8) 
28 8.1 (6.5-9.7) 
SFS FRAP 
1 34.8 (32.6-37.0) 
7 16.4 (14.4-18.4) 
28 16.4 (12.3-20.5) 
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Table B-13. Exponential Model Parameters for Fitting the Porosity Semivariogram 
Mix 
Age 
(days) 
Model Parameters (95% Confidence 
Intervals) RSME R
2 Adjusted 
R
2 
c1 α0 
Dolomite 
Mortar 
1 
0.0122 (0.0120, 
0.0124) 
46.3362 (42.8718, 
49.8006) 
0.0011 0.858 0.858 
7 
0.0064 (0.0063, 
0.0064) 
11.7508 (10.2147, 
13.2870) 
0.0006 0.611 0.610 
28 
0.0097 (0.0096, 
0.0098) 
7.2313 (6.4715, 
7.9911) 
0.0006 0.737 0.736 
Clean 
FRAP 
1 
0.0067 (0.0066, 
0.0068) 
40.3421 (36.2319, 
44.4522) 
0.0008 0.743 0.742 
7 
0.0110 (0.0109, 
0.0112) 
31.1440 (28.4654, 
33.8226) 
0.00105 0.766 0.765 
28 
0.0057 (0.0056, 
0.0059) 
11.5420 (8.9813, 
14.1027) 
0.0010 0.453 0.450 
Dirty 
FRAP 
1 
0.0064 (0.0063, 
0.0065) 
11.0685 (9.0744, 
13.0625) 
0.0009 0.501 0.499 
7 
0.0121 (0.0119, 
0.0123) 
41.2736 (38.1550, 
44.3922) 
0.0011 0.835 0.834 
28 
0.0121 (0.0118, 
0.0124) 
14.0605 (10.8396, 
17.2815) 
0.0023 0.423 0.421 
Dirty 
FRAP 
(with 
10% 
Silica 
Fume) 
1 
0.0089 (0.0088, 
0.0090) 
37.3268 (34.9920, 
39.6617) 
0.0006 0.881 0.881 
7 
0.0082 (0.0080, 
0.0085) 
8.2386 (5.6480, 
10.8293) 
0.0017 0.283 0.280 
28 
0.0083 (0.0082, 
0.0084) 
8.0912 (6.5313, 
9.6511) 
0.0010 0.458 0.456 
SFS 
FRAP 
1 
0.0098 (0.0097, 
0.0099) 
34.8008 (32.5684, 
37.0333) 
0.0007 0.874 0.874 
7 
0.0144 (0.0142, 
0.0147) 
16.3920 (14.3601, 
18.4239) 
0.0016 0.710 0.709 
28 
0.0108 (0.0104, 
0.0111) 
16.3992 (12.2893, 
20.5091) 
0.00236 0.372 0.369 
 
B.1.5 Size of the ITZ based on the Covariogram 
Based on the exponential fitting of the covariogram (Equation 2-20), the size of the ITZ 
was determined based on the practical range value α. As can be seen in Table B-14, the results in 
ITZ size were more practical and the data for the dolomite mortar was described well by the 
exponential fit (Figure B-6). However, the exponential fit was not suitable for all covariogram 
datasets, as Equation 2-20 required that the covariogram approach zero as h approached infinity, 
which did not describe all datasets, as can be seen in Figure B-7 for the clean FRAP mortar at 7 
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days. Thus a similar model was formulated (Equation 2-21) based on the correlogram, as is 
discussed in Section B.1.6.  
 
Table B-14. Size of the ITZ based on Exponential Fitting of the Porosity Covariogram 
Mix 
Age 
(days) 
Size of the ITZ, μm 
Based on Porosity 
Dolomite 
Mortar 
1 75.0 (71.4-78.7) 
7 24.1 (21.2-27.0) 
28 10.5 (9.4-11.6) 
Clean FRAP 28 36.7 (33.8-39.6) 
SFS FRAP 
1 90.7 (86.5-94.8) 
7 39.1 (34.6-43.7) 
 
 
(a) 
 
(b) 
 
(c) 
Figure B-6. Covariograms and exponential fits for dolomite mortar detectable porosity at (a) 1 
day, (b) 7 days, and (c) 28 days. 
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Fibure B-7. Covariogram and exponential fits for clean FRAP mortar detectable porosity. 
 
Table B-15. Covariogram Exponential Model Fitting Parameters based on Detectable Porosity 
Mix 
Age 
(days) 
Model Parameters (95% Confidence 
Intervals) RSME 
σ2 α 
Dolomite 
Mortar 
1 
0.0195  
(0.0188, 0.0202) 
75.0425  
(71.3842, 78.7008) 
0.0013 
7 
0.0073  
(0.0067, 0.0079) 
24.1047  
(21.2371, 26.9723) 
6.8236e-04 
28 
0.0154  
(0.0142, 0.0166) 
10.4608  
(9.3628, 11.5588) 
8.0630e-04 
Clean 
FRAP 
28 
0.0079 
(0.0075, 0.0084) 
36.7289 
(33.8145, 39.6433) 
6.1508e-04 
SFS 
FRAP 
1 
0.0185  
(0.0179, 0.0191) 
90.6619 
(86.5218, 94.8019) 
0.0013 
7 
0.0118 
(0.0108, 0.0127) 
39.1454 
(34.6342, 43.6567) 
0.0014 
 
B.1.6 Size of the ITZ based on the Correlogram (Exponential Fit) 
Based on the correlogram data, an exponential fit was derived to fit the data and define 
the size of the ITZ. This method was found to be a better fit compared to the covariogram, as 
shown in Figure B-8. The estimated ITZ sizes are shown in Table B-16, based on the model 
fitting parameters in Table B-17 and Table B-18. Ultimately, this method for ITZ size estimation 
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was disregarded, as it resulted in anomalous results (see ITZ sizes for clean FRAP; estimations 
are 10, 70, and 28 μm at 1, 7, and 28 days, respectively).  
 
 
(a) 
 
(b) 
Figure B-8. A comparison of the covariogram (a) and correlogram (b) for the detectable porosity 
data for clean FRAP mortar at 7 days. 
 
Table B-16. Size of the ITZ based on Exponential Fitting of the Porosity and UH Correlograms 
Mix 
Age 
(days) 
Size (Range) of the ITZ, μm 
Based on Porosity Based on UH 
Dolomite 
Mortar 
1 76.4 (67.8-85.1) 17.3 (14.0-20.6) 
7 37.2 (29.6, 44.7) 9.4 (5.6-13.1) 
28 17.3 (14.1-20.4) 7.9 (6.7-9.2) 
Clean FRAP 
1 10.2 (8.0-12.4) 40.1 (30.6-49.6) 
7 69.5 (65.8-73.2) 125.7 (74.5-176.9) 
28 27.6 (24.1-31.2) 21.9 (18.0-25.7) 
Dirty FRAP 
1 24.5 (20.5-28.6) 26.7 (21.0-32.3) 
7 56.3 (51.1-61.5) 35.0 (28.7-41.3) 
28 23.2 (21.6-24.7) 52.64 (47.0-58.3) 
Dirty FRAP 
(with 10% 
Silica Fume) 
1 87.7 (81.3-94.0) 20.8 (16.5-25.1) 
7 17.1 (14.1-20.1) 10.8 (9.3-12.2) 
28 57.3 (47.6-67.1) 10.4 (8.5-12.2) 
SFS FRAP 
1 65.1 (59.5-70.7) 25.7 (21.6-29.8) 
7 17.4 (15.7-19.1) 13.0 (11.5-14.5) 
28 25.8 (23.5-28.1) 7.6 (5.9-9.3) 
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Table B-17. Correlogram Exponential Model Fitting Parameters based on Detectable Porosity 
Mix 
Age 
(days) 
Model Parameters (95% Confidence Intervals) 
RSME R2 
Adjusted 
R2 C α ε 
Dolomite 
Mortar 
1 
0.8498 
(0.8117, 
0.8880) 
76.4080 
(67.7569, 
85.0590) 
0.1124 
(0.0892, 
0.1355) 
0.0751 0.892 0.891 
7 
0.7933 
(0.6980, 
0.8885) 
37.1671 
(29.6492, 
44.6851) 
-0.0082 (-
0.0306, 
0.0141) 
0.1303 0.626 0.623 
28 
0.8643 
(0.7567, 
0.9718) 
17.2714 
(14.1298, 
20.4130) 
0.0152 
(0.0017, 
0.0288) 
0.0965 -- -- 
Clean 
FRAP 
1 
0.8202 
(0.6936, 
0.9467) 
10.1837 
(8.0129, 
12.3544) 
0.2384 
(0.2274, 
0.2493) 
0.0828 0.578 0.574 
7 
1.1864  
(1.1593, 
1.2135) 
69.4868  
(65.7718, 
73.2018) 
-0.3420  
(-0.3562,  
-0.3279) 
0.0512 0.971 0.971 
28 
1.0119 
(0.9293, 
1.0944) 
27.6378 
(24.1052, 
31.1704) 
0.0405 
(0.0256, 
0.0553) 
0.0962 0.798 0.797 
Dirty 
FRAP 
1 
0.6013 
(0.5362, 
0.6663) 
24.5437 
(20.4729, 
28.6145) 
0.3592 
(0.3486, 
0.3698) 
0.0710 0.699 0.697 
7 
0.6700 
(0.6396, 
0.7004) 
56.3078 
(51.1354, 
61.4802) 
0.0615 
(0.0499, 
0.0730) 
0.0517 0.907 0.906 
28 
1.2352 
(1.1903, 
1.2900) 
23.1649 
(21.6012, 
24.7285) 
-0.1729 (-
0.1815, -
0.1643) 
0.0580 0.933 0.933 
Dirty 
FRAP 
(with 10% 
Silica 
Fume) 
1 
1.1338 
(1.1045, 
1.1631) 
87.6588 
(81.2967, 
94.0209) 
-0.2160 (-
0.2383, -
0.1938) 
0.0601 0.959 0.959 
7 
1.0559 
(0.9271, 
1.1847) 
17.0993 
(14.0543, 
20.1444) 
-0.0369 (-
0.0529, -
0.0208) 
0.1149 0.664 0.661 
28 
0.8278 
(0.7589, 
0.8967) 
57.3400 
(47.5665, 
67.1135) 
-0.0811 (-
0.1080, -
0.0542) 
0.1183 0.741 0.739 
SFS FRAP 
1 
0.7610 
(0.7316, 
0.7904) 
65.0618 
(59.4515, 
70.6722) 
0.2152 
(0.2014, 
0.2290) 
0.0539 0.925 0.924 
7 
1.0119 
(0.9445, 
1.0792) 
17.4262 
(15.7306, 
19.1219) 
0.0834 
(0.0749, 
0.0919) 
0.0607 0.869 0.868 
28 
1.2664 
(1.1936, 
1.3391) 
25.8265 
(23.5301, 
28.1229) 
-0.1115 (-
0.1239, -
0.0991) 
0.0818 0.890 0.890 
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Table B-18. Correlogram Exponential Model Fitting Parameters based on Detectable UH 
Mix 
Age 
(days) 
Model Parameters (95% Confidence Intervals) 
RSME R2 
Adjusted 
R2 C α ε 
Dolomite 
Mortar 
1 
0.8866 
(0.7702, 
1.0029) 
17.2892 
(13.9722, 
20.6063) 
0.0773 
(0.0629, 
0.0922) 
0.1044 0.630 0.627 
7 
1.1379 
(0.8051, 
1.4706) 
9.3814 (5.6223, 
13.1405) 
0.1224 
(0.0952, 
0.1496) 
0.2067 0.279 0.273 
28 
1.2855 
(1.1367, 
1.4342) 
7.9436 (6.7062, 
9.1809) 
0.0519 
(0.0411, 
0.0627) 
0.0829 0.719 0.717 
Clean 
FRAP 
1 
0.7181 
(0.6195, 
0.8167) 
40.1188 
(30.6016, 
49.6359) 
0.1523 
(0.1273, 
0.1773) 
0.1404 0.554 0.551 
7 
0.6883 
(0.6007, 
0.7760) 
125.7009 
(74.4605, 
176.9413) 
-0.1356 (-
0.2377, -
0.0336) 
0.1575 0.548 0.544 
28 
1.0753 
(0.9496, 
1.2011) 
21.8833 
(18.0270, 
25.7397) 
0.0778 
(0.0589, 
0.0966) 
0.1290 0.671 0.669 
Dirty 
FRAP 
1 
0.7795 
(0.6739, 
0.8852) 
26.6730 
(21.0468, 
32.2993) 
0.0769 
(0.0584, 
0.0953) 
0.1208 0.592 0.588 
7 
0.7405 
(0.6599, 
0.8212) 
35.0059 
(28.6986, 
41.3132) 
0.0415 
(0.0237, 
0.0594) 
0.1068 0.675 0.672 
28 
0.9930 
(0.9382, 
1.0478) 
52.6492 
(46.9860, 
58.3124) 
-0.1058 (-
0.1249, -
0.0867) 
0.0901 0.872 0.871 
Dirty 
FRAP 
(with 10% 
Silica 
Fume) 
1 
0.8341 
(0.7197, 
0.9485) 
20.7897 
(16.5243, 
25.0550) 
0.0671 
(0.0507, 
0.0836) 
0.1140 0.600 0.597 
7 
1.1939 
(1.0776, 
1.3103) 
10.7623 
(9.3043, 
12.2203) 
0.0938 
(0.0833, 
0.1043) 
0.0788 0.772 0.770 
28 
1.3829 
(1.2015, 
1.5643) 
10.3642 
(8.4830, 
12.2454) 
0.0197 
(0.0038, 
0.0356) 
0.1200 0.654 0.651 
SFS FRAP 
1 
0.9176 
(0.8223, 
1.0129) 
25.6952 
(21.5715, 
29.8189) 
0.0606 
(0.0444, 
0.0767 
0.1067 0.714 0.711 
7 
1.0931 
(1.0044, 
1.1817) 
12.9869 
(11.4950, 
14.4789) 
-0.0543 (-
0.0634, -
0.0452) 
0.0673 0.825 0.824 
28 
1.0440 
(0.8686, 
1.2194) 
7.6226 (5.9068, 
9.3383) 
0.1228 
(0.1104, 
0.1351) 
0.0951 0.551 0.548 
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B.1.7 Size of the ITZ based on the Correlogram (Gaussian Fit) 
Based on the correlogram data, a Gaussian exponential fit was derived to fit the data and 
define the size of the ITZ. The Gaussian fit resulted in a more conservative estimate of the ITZ 
size compared to the exponential fit (see Table B-19), based on the model fitting parameters 
from Table B-20 and Table B-21. Ultimately, this method was also disregarded for anomalous 
results, such as an ITZ size of 47 μm for dirty FRAP with silica fume compared to an ITZ size of 
18 μm for dirty FRAP at 28 days.  
 
Table B-19. Size of the ITZ based on Gaussian Fitting of the Porosity and UH Correlograms 
Mix 
Age 
(days) 
Size (Range) of the ITZ, μm 
Based on Porosity Based on UH 
Dolomite 
Mortar 
1 49.3 (46.0-52.6) -- 
7 23.9 (20.5-27.3) -- 
28 9.9 (8.5-11.3) -- 
Clean FRAP 
1 6.7 (5.7-7.8) 33.7 (28.9-38.4)  
7 45.6 (43.5-47.7) 49.3 (40.5-58.0) 
28 21.3 (19.5-23.2) 14.6 (12.9-16.3) 
Dirty FRAP 
1 22.9 (20.2-25.5) -- 
7 26.2 (23.1-29.4) -- 
28 17.6 (16.6-18.6) -- 
Dirty FRAP 
(with 10% 
Silica Fume) 
1 -- -- 
7 -- -- 
28 46.7 (42.3, 51.2) 8.6 (7.7, 9.6) 
SFS FRAP 
1 -- -- 
7 -- -- 
28 21.0 (19.7, 22.2) 5.6 (4.8, 6.5) 
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Table B-20. Correlogram Gaussian Model Fitting Parameters based on Detectable Porosity 
Mix 
Age 
(days) 
Model Parameters (95% Confidence 
Intervals) RSME R
2 Adjusted 
R
2 
C
 α ε 
Dolomite 
Mortar 
1 
0.6273 
(0.5944, 
0.6602) 
49.3224 
(46.0406, 
52.6042) 
0.1651 
(0.1498, 
0.1803) 
0.0854 0.860 0.859 
7 
0.6166 
(0.5428, 
0.6903) 
23.8851 
(20.5048, 
27.2655) 
0.0139 (-
0.0057, 
0.0335) 
0.1372 0.585 0.581 
28 
0.7165 
(0.6282, 
0.8047) 
9.9181 
(8.5288, 
11.3075) 
0.0281 
(0.0145, 
0.0417) 
0.1043 0.596 0.593 
Clean 
FRAP 
1 
0.6524 
(0.5636, 
0.7412) 
6.7438 
(5.7188, 
7.7689) 
0.2433 
(0.2324, 
0.2541) 
0.0849 0.556 0.553 
7 
0.8777 
(0.8453, 
0.9101) 
45.5795 
(43.4679, 
47.6911) 
-0.2772 (-
0.2912, -
0.2632) 
0.0816 0.927 0.926 
28 
0.7574 
(0.7018, 
0.8130) 
21.3420 
(19.4995, 
23.1845) 
0.0503 
(0.0366, 
0.0640) 
0.0978 0.792 0.790 
Dirty 
FRAP 
1 
0.4120 
(0.3718, 
0.4521) 
22.8840 
(20.2499, 
25.5181) 
0.3598 
(0.3494, 
0.3701) 
0.0732 0.681 0.678 
7 
0.5538 
(0.4976, 
0.6100) 
26.2353 
(23.0673, 
29.4032) 
0.0530 
(0.0371, 
0.0689) 
0.1095 0.658 0.655 
28 
0.9202 
(0.8754, 
0.9649) 
17.5636 
(16.5683, 
18.5589) 
-0.1611 (-
0.1708, -
0.1513) 
0.0713 0.899 0.898 
Dirty 
FRAP 
(with 
10% 
Silica 
Fume) 
28 
0.6042 
(0.5586, 
0.6499) 
46.7197 
(42.2786, 
51.1608) 
-0.0688 (-
0.0889, -
0.0487) 
0.1160 0.751 0.749 
SFS 
FRAP 
28 
0.9344 
(0.8883, 
0.9806) 
20.9531 
(19.7378, 
22.1684) 
-0.1034 (-
0.1147, -
0.0922) 
0.0804 0.894 0.893 
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Table B-21. Correlogram Gaussian Model Fitting Parameters based on Detectable UH 
Mix 
Age 
(days) 
Model Parameters (95% Confidence 
Intervals) RSME R
2 Adjusted 
R
2 
C
 α ε 
Clean 
FRAP 
1 
0.5313 
(0.4692, 
0.5935) 
33.6739 
(28.9029, 
38.4448)  
0.1563 
(0.1353, 
0.1773) 
0.1364 0.579 0.576 
7 
0.4729 
(0.4069, 
0.5390) 
49.2790 
(40.5451, 
58.0129) 
0.0051 (-
0.0255, 
0.0357) 
0.1714 0.465 0.460 
28 
0.8714 
(0.7840, 
0.9587) 
14.6380 
(12.9415, 
16.3345) 
0.0903 
(0.0733, 
0.1073) 
0.1268 0.682 0.679 
Dirty 
FRAP 
(with 
10% 
Silica 
Fume) 
28 
1.0283 
(0.9256, 
1.1310) 
8.6382 
(7.6630, 
9.6135) 
0.0213 
(0.0068, 
0.0359) 
0.1126 0.695 0.692 
SFS 
FRAP 
28 
0.7838 
(0.6719, 
0.8958) 
5.6472 
(4.7556, 
6.5389) 
0.1261 
(0.1138, 
0.1384) 
0.0966 0.536 0.533 
 
B.1.8 Size of the ITZ based on an Exponential Asymptotic Function 
The same methodology from the correlogram fitting is applied to the porosity data, based 
on the exponential asymptotic function (Equations 2.22 and 2.23). This function was found to fit 
the porosity data relatively well, as can be seen in Figure B-9. The estimated ITZ size by this 
method is shown in Table B-22, with the porosity data model fitting parameters summarized in 
Table B-23. This function was found to fit the UH data relatively well, as can be seen in Figure 
B-10. The estimated ITZ size by this method is shown in Table B-22, with the UH data model 
fitting parameters summarized in Table B-24.  
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Table B-22. Size of the ITZ based on Fitting the Porosity and UH Data with an Exponential 
Asymptotic Function 
Mix 
Age 
(days) 
Size (Range) of the ITZ, μm 
Based on Porosity Based on UH 
Dolomite 
Mortar 
1 49.3 (47.5-51.2) 36.5 (35.2-37.7) 
7 41.5 (38.5-44.4) 38.6 (36.1-41.1) 
28 39.6 (35.8-43.4) 54.1 (50.8-57.5) 
Clean FRAP 
1 74.7 (71.3-78.1) 28.3 (26.9-29.8) 
7 59.8 (57.7-62.0) 29.9 (27.7-32.1) 
28 62.9 (61.4-64.4) 35.5 (32.1-38.8) 
Dirty FRAP 
1 36.9 (35.2-38.6) 31.4 (29.9-32.9) 
7 59.6 (57.9-61.3) 39.7 (37.7-41.6) 
28 70.7 (69.2-72.3) 38.9 (36.4-41.3) 
Dirty FRAP 
(with 10% 
Silica Fume) 
1 35.1 (33.7-36.4) 38.9 (37.4-40.4) 
7 63.7 (62.1-65.2) 33.2 (30.4-36.1) 
28 29.7 (28.9-30.5) 37.5 (34.8-40.2) 
SFS FRAP 
1 70.2 (68.5-71.9) 46.4 (44.9-47.8) 
7 100.0 (92.1-107.9) 56.0 (52.3-59.8) 
28 56.0 (53.9-58.0) 67.3 (64.5-70.2) 
 
 
Figure B-9. The average detectable porosity data for mortar with dirty FRAP and silica fume at 
28 days, fit with an exponential asymptotic function. 
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Figure B-10. The average detectable UH data for mortar with dolomite at 1 day, fit with an 
exponential asymptotic function. 
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Table B-23. Exponential Asymptote Model Fitting Parameters based on Detectable Porosity 
Mix 
Age 
(days) 
Model Parameters (95% Confidence Intervals) 
R2 
C1 α C2 
Dolomite 
Mortar 
1 
0.3115 
(0.3053, 
0.3177) 
49.3297 
(47.4903, 
51.1690) 
0.6064 
(0.5999, 
0.6129) 
0.9820 
7 
0.2906 
(0.2787, 
0.3025) 
41.4530 
(38.4837, 
44.4223) 
0.4104 
(0.3980, 
0.4227) 
0.9090 
28 
0.2007 
(0.1896, 
0.2119) 
39.6125 
(35.8346, 
43.3905) 
0.3139 
(0.3024, 
0.3254) 
0.8246 
Clean 
FRAP 
1 
0.2443 
(0.2398, 
0.2488) 
74.6597 
(71.2671, 
78.0523) 
0.4904 
(0.4855, 
0.4953) 
0.9804 
7 
0.2804 
(0.2756, 
0.2852) 
59.8331 
(57.6814, 
61.9848) 
0.4166 
(0.4115, 
0.4218) 
0.9855 
28 
0.3095 
(0.3062, 
0.3129) 
62.8931 
(61.4173, 
64.3689) 
0.4315 
(0.4279, 
0.4351) 
0.9938 
Dirty 
FRAP 
1 
0.2573 
(0.2502, 
0.2644) 
36.8965 
(35.1858, 
38.6072) 
0.5362 
(0.5289, 
0.5435) 
0.9695 
7 
0.4126 
(0.4069, 
0.4184) 
59.6000 
(57.8576, 
61.3423) 
0.6430 
(0.6369, 
0.6492) 
0.9901 
28 
0.4151 
(0.4113, 
0.4190) 
70.7265 
(69.1679, 
72.2850) 
0.5549 
(0.5507, 
0.5591) 
0.9951 
Dirty 
FRAP 
(with 10% 
Silica 
Fume) 
1 
0.2022 
(0.1974, 
0.2070) 
35.0608 
(33.6772, 
36.4443) 
0.3787 
(0.3738, 
0.3837) 
0.9774 
7 
0.3256 
(0.3219, 
0.3292) 
63.6907 
(62.1318, 
65.2428) 
0.4862 
(0.4824, 
0.4901) 
0.9934 
28 
0.3892 
(0.3826, 
0.3958) 
29.7416 
(28.9399, 
30.5433) 
0.5670 
(0.5602, 
0.5737) 
0.9890 
SFS FRAP 
1 
0.2306 
(0.2283, 
0.2330) 
70.1910 
(68.5252, 
71.8567) 
0.4194 
(0.4169, 
0.4219) 
0.9943 
7 
0.3259 
(0.3175, 
0.3343) 
100.0000 
(92.1042, 
107.8958) 
0.5185 
(0.5097, 
0.5274) 
0.9611 
28 
0.4093 
(0.4019, 
0.4167) 
55.9569 
(53.9161, 
57.9977) 
0.5437 
(0.5358, 
0.5516) 
0.9840 
 
 
 
 
476 
 
Table B-24. Exponential Asymptote Model Fitting Parameters based on Detectable UH 
Mix 
Age 
(days) 
Model Parameters (95% Confidence 
Intervals) R
2 
C1 α 
Dolomite 
Mortar 
1 
0.2328 (0.2312, 
0.2343) 
36.4651 (35.2020, 
37.7282) 
0.9637 
7 
0.1852 (0.1828, 
0.1875) 
38.5666 (36.0626, 
41.0706) 
0.8998 
28 
0.1612 (0.1587, 
0.1636) 
54.1059 (50.7600, 
57.4519) 
0.9121 
Clean 
FRAP 
1 
0.2271 (0.2252, 
0.2291) 
28.3405 (26.8628, 
29.8181) 
0.9103 
7 
0.1172 (0.1157, 
0.1186) 
29.8903 (27.7177, 
32.0630) 
0.8125 
28 
0.1167 (0.1146, 
0.1188) 
35.4823 (32.1282, 
38.8365) 
0.6309 
Dirty 
FRAP 
1 
0.2122 (0.2104, 
0.2139) 
31.4367 (29.9481, 
32.9252) 
0.9173 
7 
0.1420 (0.1406, 
0.1433) 
39.6625 (37.7111, 
41.6140) 
0.9152 
28 
0.1290 (0.1274, 
0.1306) 
38.8830 (36.4274, 
41.3332) 
0.8602 
Dirty 
FRAP 
(with 
10% 
Silica 
Fume) 
1 
0.1610 (0.1598, 
0.1622) 
38.9146 (37.4405, 
40.3888) 
0.9573 
7 
0.1512 (0.1488, 
0.1535) 
33.2045 (30.3502, 
36.0588) 
0.6631 
28 
0.1179 (0.1163, 
0.1196) 
37.5062 (34.7650, 
40.2475) 
0.8138 
SFS 
FRAP 
1 
0.1953 (0.1940, 
0.1967) 
46.3550 (44.8800, 
47.8301) 
0.9729 
7 
0.1532 (0.1507, 
0.1558) 
56.0456 (52.3037, 
59.7876) 
0.8644 
28 
0.1217 (0.1202, 
0.1231) 
67.3097 (64.4585, 
70.1608) 
0.9610 
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APPENDIX C: SLAB CORNER DEFLECTION DATA FOR THE 
BACKCALCULATION OF THE K-VALUES 
 
This appendix contains the corner deflection data from the slab testing as used in the k-
value backcalculation with ILSL2 for Chapter 4. The two corner deflections and the average 
deflection are shown in Figure C-1 to Figure C-16. It can be noted that not all corner deflections 
were similar and could be successfully used in the analysis with ILSL2. In addition, all plots 
show the deflections up to the peak flexural load, because the post-peak deflection data is not 
needed and is often noisy and variable.   
 
 
Figure C-1. Front corner deflections for Slab 1 (two-lift, virgin over 45% FRAP). 
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Figure C-2. Front corner deflections for Slab 2 (two-lift, virgin over 45% FRAP). 
 
 
Figure C-3. Front corner deflections for Slab 3 (full-depth, 45% FRAP). 
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Figure C-4. Front corner deflections for Slab 4 (full-depth, 45% FRAP). 
 
 
Figure C-5. Front corner deflections for Slab 5 (two-lift, virgin over 45% FRAP with fibers). 
Note: Peak load was at 99.0 kN, and ultimate load was at 148.6 kN. 
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Figure C-6. Front corner deflections for Slab 6 (two-lift, virgin over 45% FRAP with fibers). 
Note: Peak load was at 120.1 kN, and ultimate load was at 153.6 kN. 
 
 
 
Figure C-7. Front corner deflections for Slab 7 (full-depth, 100% RCA). 
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Figure C-8. Front corner deflections for Slab 8 (full-depth, 100% RCA). 
 
 
Figure C-9. Front corner deflections for Slab 9 (two-lift, virgin over 100% RCA). 
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Figure C-10. Front corner deflections for Slab 10 (two-lift, virgin over 100% RCA). 
 
 
Figure C-11. Front corner deflections for Slab 11 (full-depth, 45-55% FRAP-RCA). 
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Figure C-12. Front corner deflections for Slab 12 (full-depth, 45-55% FRAP-RCA). 
 
 
Figure C-13. Front corner deflections for Slab 13 (two-lift, virgin over 45-55% FRAP-RCA). 
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Figure C-14. Front corner deflections for Slab 14 (two-lift, virgin over 45-55% FRAP-RCA). 
 
 
Figure C-15. Front corner deflections for Slab 15 (full-depth, virgin). 
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Figure C-16. Front corner deflections for Slab 16 (full-depth, virgin). 
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